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Preface

Predicting the future would appear to be an inherently unscientific
process; there are few opportunities for constructing falsifiable hypoth-
eses and testing them, short of waiting until the future actually becomes
the present. Nonetheless, scientists are often called on to engage in the
exercise; the ability to construct and project different futures can allow
scientists to guide society in achieving a particular fate that it deems
desirable. Relevant information gathered about the past and the present
can be used as a basis for choosing intelligently among possible futures.

In January 1998, the National Research Council convened a commit-
tee of experts representing a broad range of disciplines to make an effort
to predict the future of pesticide use in American agriculture. The effort
was far from the first made by the National Research Council to evaluate
aspects of pesticide use; the subject has been the focus of National Re-
search Council attention for close to 5 decades, dating back to the earliest
days of widespread adoption of synthetic organic pesticides (Appendix
A). The format of evaluation has varied—some publications resulted from
conferences or symposia and others, were the product of committee de-
liberations after extended study. Conclusions have also varied, some-
times dramatically. That they have varied is not surprising, given that,
over the course of 5 decades technologies have changed, society’s goals
and values have changed, and even the biology of pest species has
changed. In most cases, the publications have had a measurable impact
and have influenced attitudes toward pesticides or pesticide use.

It is our hope that this report will influence attitudes and policies.
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One prediction that can be made with some confidence, however, is that,
irrespective of the impact of our committee’s study and report, it will
likely not be the last study commissioned by the National Research Coun-
cil on the subject of pesticides. Whether there will be 5 more decades of
debate or far fewer, depends on dimensions of society, technology, and
biology that are impossible to predict even with the best analytical tools
available today.

May R. Berenbaum
Chair
Committee on the Future Role of
Pesticides in US Agriculture

x PREFACE
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1

Executive Summary

The National Research Council charged the committee on the Future
Role of Pesticides in US Agriculture with providing insight and informa-
tion on the future of chemical-pesticide use in US agriculture. The com-
mittee was given four specific charges:

• Identify circumstances under which chemical pesticides may be
required in future pest management.

• Determine what types of chemical products are most appropriate
tools for ecologically based pest management.

• Explore the most promising opportunities to increase benefits, and
reduce health and environmental risks of pesticide use.

• Recommend an appropriate role for the public sector in research,
product development, product testing and registration, implementation
of pesticide use strategies, and public education about pesticides.

The scope of the study was to encompass pesticide use in production
systems—processing, storage, and transportation of field crops, fruits,
vegetables, ornamentals, fiber (including forest products), livestock, and
the products of aquaculture. Pests to be considered included weeds,
pathogens, and vertebrate and invertebrate organisms that must normally
be managed to protect crops, livestock, and urban ecosystems. All aspects
of pesticide research were to be considered—identification of pest behav-
ior in the ecosystem, pest biochemistry and physiology, resistance man-
agement, impacts of pesticides on economic systems, and so on.
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2 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

Because its task was so broad and it had a relatively short period for
its study, the committee met five times over 11 months in 1998 and held
three workshops to seek input from the public. A critical early challenge
was to refine the charge. The committee defined the future of agriculture
to be the next 10–20 years. Beyond 20 years, predicting technological
innovations and their effects is extremely difficult. The committee also
believed that the term pesticide required a precise definition for the pur-
pose of this report. The legal definition set forth in the Federal Insecticide,
Fungicide, and Rodenticide Act is in part inconsistent with biological
definitions of pesticides. The definition has social aspects as well; public
perceptions inevitably color policy discussions and decisions. Accord-
ingly, in this report the committee took a broad view of the concept of
pesticide to include both the strict legal definition and microbial pesti-
cides, plant metabolites, and agents used in veterinary medicine to con-
trol insect and nematode pests. Recent innovations in pest-control tech-
nologies (notably, genetic engineering) might necessitate a reevaluation
of the legal definition in the near future. The committee also embraced the
phrase ecologically based pest management (EBPM) as representing a
pest-management approach that depends primarily on knowledge of pest
biology and secondarily on physical, chemical, and biological supple-
ments. The foundation for this management approach is a working knowl-
edge of the managed ecosystem, including natural processes that sup-
press pest populations. Practitioners of EBPM augment the natural
processes with such tools as biological control organisms and products,
resistant plants, and narrow-spectrum pesticides.

With respect to the first charge—to identify circumstances in which
chemical pesticides will continue to be needed in pest management—the
committee decided early during its deliberations that an assessment of
the full range of agricultural pests and of the composition and deploy-
ment of chemical pesticides to control pests in various environments
would be an impossible task because of the large volume of data and the
number of analyses required to generate a credible evaluation. The com-
mittee reviewed the literature and received expert testimony on the po-
tential effects of pesticides on productivity, environment, and human
health and on the potential to reduce overall risks by improving ap-
proaches that use chemicals under diverse conditions—soils, crops, cli-
mates, and farm-management practices. The committee concluded that
uses and potential effects of chemical pesticides and alternatives to im-
prove pest management vary considerably among ecosystems. That con-
clusion was reinforced by expanded solicitation of expert opinion. Over-
all, the committee concluded that chemical pesticides will continue to
play a role in pest management for the foreseeable future, in part because
environmental compatibility of products is increasing—particularly with
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the growing proportion of reduced-risk pesticides being registered with
the Environmental Protection Agency (EPA), and in part because com-
petitive alternatives are not universally available. In many situations, the
benefits of pesticide use are high relative to risks or there are no practical
alternatives.

With respect to the second charge—to determine the types of chemi-
cal products that are most appropriate for ecologically based pest man-
agement—the committee concluded that societal concerns, scientific ad-
vances, and regulatory pressures have driven and continue to drive some
of the more hazardous products from the marketplace. Synthetic organic
insecticides traditionally associated with broad nontarget effects, with
potentially hazardous residues, and with exposure risks to applicators
are expected to occupy a decreasing market share. This trend has been
promoted by regulatory changes that restricting use of older chemicals
and by technological changes that lead to competitive alternative prod-
ucts. Many products registered in the last decade have safer properties
and smaller environmental impacts than older synthetic organic pesti-
cides. The novel chemical products that will dominate in the near future
will most likely have a very different genesis from traditional synthetic
organic insecticides; the number and diversity of biological sources will
increase, and products that originate in chemistry laboratories will be
designed with particular target sites or modes of action in mind. Innova-
tions in pesticide-delivery systems (notably, in plants) promise to reduce
adverse environmental impacts even further but are not expected to elimi-
nate them.

The committee recognized, however, that the new products share
many of the problems that have been presented by traditional synthetic
organic insecticides. For example, there is no evidence that any of the new
chemical and biotechnology products are completely free of the classic
problems of resistance acquisition, nontarget effects, and residue expo-
sure. Genetically engineered organisms that reduce pest pressure consti-
tute a “new generation” of pest-management tools, but genetically engi-
neered crops that express a control chemical can exert strong selection for
resistance in pests. Similarly, genetically engineered crops that depend
upon the concomitant use of a single chemical pesticide with a mode of
action similar to that of the transgenically expressed trait could increase
the development of pest resistance to the chemical. Moreover, adverse
environmental impacts (e.g., against nontarget organisms) are still con-
siderations, albeit at a scale smaller than those presented by traditional
chemical products. Expression of control chemicals in plant parts to be
consumed by humans or livestock raise concerns about health impacts.
Thus, the use of transgenic crops will probably maintain, or even in-
crease, the need for effective resistance-management programs, novel
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4 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

genes that protect crops, chemicals with new modes of action and
nonpesticide management techniques. There remains a need for new
chemicals that are compatible with ecologically based pest management
and applicator and worker safety.

Recommendation 1. There is no justification for completely aban-
doning chemicals per se as components in the defensive toolbox
used for managing pests. The committee recommends maintaining
a diversity of tools for maximizing flexibility, precision, and stabil-
ity of pest management.

No single pest-management strategy will work reliably in all man-
aged or natural ecosystems. Indeed, such “magic bullet” fantasies have
historically contributed to overuse and resistance problems. Chemical
pesticides should not automatically be given the highest priority. Whether
they should be considered tools of last resort depends on features of the
particular system in which pest management is being used (for example,
agriculture, forest, or household) and on the degree of exposure of hu-
mans and nontarget organisms. Pesticides should be evaluated in con-
junction with all other alternative management practices not only with
respect to efficacy, cost, and ease of implementation but also with respect
to long-term sustainability, environmental impact, and health.

With regard to the second charge—identifying what types of chemi-
cal products will be required in specific managed ecosystems or localities
in which particular chemical products will continue to be required—the
committee decided that there is too much variability within and among
systems to provide coherent and consistent recommendations. Differences
among managed and natural ecosystems in biological factors, such as
pest pressure, and in economic factors, such as profitability, make gener-
alizations about particular products of little value. Indeed, generalizing
across systems as to the necessity of pesticides is responsible in part for
many concerns and conflicts of opinion.

As for the third charge—to identify the most promising opportunities
for increasing benefits of and reducing risks posed by pesticide use—the
committee identified these:

• Make research investments and policy changes that emphasize de-
velopment of pesticides and application technologies that pose reduced
health risks and are compatible with ecologically based pest manage-
ment.

• Promote scientific and social initiatives to make development and
use of alternatives to pesticides more competitive in a wide variety of
managed and natural ecosystems.

• Increase the ability and motivation of agricultural workers to lessen
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their exposure to potentially harmful chemicals and refine worker-protec-
tion regulations and enforce compliance with them.

• Reduce adverse off-target effects by judicious choice of chemical
agents, implementation of precision application technology and determi-
nation of economic- and environmental-impact thresholds for pesticide
use in more agricultural systems.

• Reduce the overall environmental impact of the agricultural enter-
prise.

The most promising opportunity for increasing benefits and reducing
risks is to invest time, money, and effort into developing a diverse toolbox
of pest-management strategies that include safe products and practices
that integrate chemical approaches into an overall, ecologically based
framework to optimize sustainable production, environmental quality,
and human health.

With respect to the fourth charge—recommending an appropriate
role for the public sector in research, product development, product test-
ing and registration, implementation of pesticide use strategies, and pub-
lic education about pesticides—the committee agreed that specific policy
actions in research, education, regulation, and management can enhance
the likelihood that the opportunity for public-sector contributions is not
missed.

Research topics that should be targeted by the public sector include

• Minor-use crops.
• Pest biology and ecology.
• Integration of several pest-management tools in managed and

natural ecosystems.
• Targeted applications of pesticides.
• Risk perception and risk assessment of pesticides and their alterna-

tives.
• Economic and social impacts of pesticide use.

PUBLIC-SECTOR ROLE IN RESEARCH

Pesticides provide economic benefits to producers and by extension
to consumers. One of the major benefits of pesticides is protection of crop
quality and yield. Pesticides can under some circumstances prevent large
crop losses, thus raising agricultural output and farm income. Many farm-
ers are responsible land stewards and are concerned with potential envi-
ronmental impacts of pesticides, but it is unrealistic to expect most farm-
ers to adopt alternative pest-management strategies that would decrease
their profits without the use of some policy incentives and disincentives.
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Organic foods and ecolabeling markets are creating new opportuni-
ties for growers who are willing to reduce or exclude synthetic chemicals
in their production practices. Environmentally friendly products appeal
to consumers, too; organic food sales are growing at a rate of 20%/year in
the United States. Yet policy analysts report that only 0.1% of agricultural
research is devoted to organic farming practices. Availability of alterna-
tive pest-management tools will be critical to meet the production stan-
dards and stiff competition expected in these niche markets.

Globalization policies and practices are affecting pest management
on and off the farm. Reduction in trade barriers increases competitive
pressures and provides extra incentives for United States farmers to re-
duce costs and increase crop yields. It is likely that trade will increase the
spread of invasive pest species and pose risks to domestic plants and
animals, as well as populations of native flora and fauna. To meet those
emerging global pest problems, researchers will need to develop effec-
tive, environmentally compatible, and efficient pest controls as a comple-
ment to a suite of prevention strategies.

Recommendation 2. A concerted effort in research and policy should
be made to increase the competitiveness of alternatives to chemical
pesticides; this effort is a necessary prerequisite for diversifying
the pest-management “toolbox” in an era of rapid economic and
ecological change.

Nontarget effects of exposure of humans and the environment to pes-
ticide residues are a continuing concern. The application of pesticides
results in indirect effects on ecosystems by reducing local biodiversity
and by changing the flow of energy and nutrients through the system as
the biomass attributable to individual species is altered. Pesticide policies
should be based on sound science; where there is uncertainty, expert
judgment will become more important in decision-making. Across-the-
board pesticide policies that do not account for biological and ecological
factors and for socioeconomic influences are likely to be less effective.

Pesticide resistance now is universal across taxa. Pests will adapt to
counter any control strategy that results in the death or reduced fitness of
a substantial portion of their population. Cultural and biological controls
are not immune to evolution of resistance. Pesticide resistance is con-
spicuous because of the intensity of selection by high-efficacy chemicals.
By spreading the burden of crop protection over multiple tactics, rather
than relying on a single tool, farmers will face less risk of crop loss and
lower rates of pest adaptation to control measures. Because pests will
continue to evolve in response to pest controls, research needs to support
development of pest-management tools that reduce selection pressure,
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delay selection for resistance, and thus increase the life of chemical and
other products.

Pests will continue to thrive and a strong science and technological
base will be needed to support management decisions. We need to con-
tinue to use the best science to resolve these questions. Policy makers
need to use the best science in their decision making. As new technologies
develop, theoretical frameworks for resolving these questions continue to
be developed.

Recommendation 3. Investments in research by the public sector
should emphasize those areas of pest management that are not now
being (and historically have never been) undertaken by private in-
dustry.

Federal funding of pesticide research has historically had a very nar-
row base. To diversify the range of tools available for managing pests, a
diversity of approaches would be beneficial. The chief desirable policy
changes to diversify the research enterprise are highlighted below.

Recommendation 3a. Investment in pest management research at
USDA should be increased and restructured in particular to steadily
increase the proportion and absolute amounts directed toward com-
petitive grants in the National Research Initiative Competitive
Grants Program (NRI), as opposed to earmarked projects.

A greater emphasis on research—not only on chemicals themselves,
but also on the ecological consequences of pesticide use—can increase the
probability that new products will be readily integrated into ecologically
based pest-management systems.

Recommendation 3b. Total investment in pest management and the
rate of new discoveries should be increased by broadening mis-
sions at funding agencies other than USDA—specifically, the Na-
tional Institutes of Health (NIH), the NSF, EPA, Department of
Energy (DOE), and the Food and Drug Administration (FDA) to
address biological, biochemical, and chemical research that can be
applied to ecologically based pest management.

Investment in basic research applicable to ecologically based pest
management is consistent with the missions of the funding agencies. Such
initiatives could include

• Obtaining the ecological and evolutionary biological information
necessary for design and implementation of specific pest-management
systems.
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• Identifying ways to enhance the competitiveness of alternatives or
adjuncts by investing in studies of cultural and biological control.

• Elucidating fundamental pest biochemistry, physiology, ecology,
genomics, and genetics to generate information that can lead to novel
pest-control approaches.

• Examining residue management, environmental fate (biological,
physical, and chemical), and application technology to monitor and re-
duce environmental damage and adverse health effects of both pesticides
and pesticide alternatives.

The lack of basic information on pest population spatial and temporal
dynamics is a major impediment to implementation of ecologically based
pest management. NSF and EPA could make an important contribution
by funding research associated with understanding of pest-population
and community dynamics. This type of research is funded by these agen-
cies, but it focuses mostly on natural, as opposed to managed, ecosys-
tems. In addition, all agencies could improve the basic understanding of
pests and their impacts by funding longer-term projects that would ad-
equately capture the variability in pest dynamics, including pesticide-
resistance evolution, under alternative management systems.

Recommendation 3c. On-farm studies, in addition to laboratory and
test-plot studies, are a necessary component of the research enter-
prise. Investment in implementation research, which helps to re-
solve the practical difficulties that hinder progression from basic
findings to operational utility, is needed.

The idiosyncratic nature of individual agroecosystems limits the util-
ity of both laboratory and test-plot studies in predicting the efficacy of
pest-management strategies. An increased emphasis on large-scale and
long-term on-farm studies through the use of the global positioning sys-
tem (GPS) and global information system (GIS) technologies could con-
tribute substantially to diversifying management tools and approaches.
Such research programs should remove the gap between “basic” and
“demonstration” research for all managed and natural ecosystems. USDA
needs to fund applied research because there are limits to models that
serve basic science as well. Such models advance fundamental knowl-
edge, but often the major economic problems involve organisms that are
hardly ideal from a fundamental scientific viewpoint. These problems can
be best addressed by research on the organisms in question. The informa-
tion generated by applied on-farm research is crucial to extension scien-
tists, crop consultants, and producers.

Recommendation 3d. Basic research on public perceptions and on
risk assessment and analysis would be useful in promoting wide-
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spread acceptance and adoption of ecologically based management
approaches.

The body of literature evaluating public responses to agrochemicals
in particular and pest management in general is not extensive. Surveys
that have been done indicate that communication with the public about
pesticides and their alternatives has been ineffectual. Media coverage of
integrated pest management in widely circulated urban newspapers is
sketchy and tends to focus on urban issues, thus providing little useful
information to readers relevant to integrated pest management in agricul-
tural settings. Although there have been substantial advances in research
on risk perception in recent years, risk communication is a relatively new
discipline. Research priorities include elucidating impacts of increasing
benefit perceptions in risk communication, developing empirical meth-
ods for more accurate characterization of public perceptions, identifying
reasons for differing qualitative and quantitative perceptions about pesti-
cide technology and agrobiotechnology, and determining whether risk
communication can reduce the gap that exists between public perceptions
and scientific risk assessments.

PUBLIC-SECTOR ROLE IN IMPLEMENTATION

The public sector consists of various layers of government (local, state,
federal, and international). In theory, each level of government addresses
problems that affect its constituency. The justifications of government
intervention in the management of pest control include the need to ad-
dress the externality problems associated with the human and environ-
mental health effects of pesticides and the information uncertainties re-
garding pesticides and their impacts. The performance and value of
pest-control technologies depend on their specific properties and the man-
ner of their application. The regulatory process has been designed to
screen out the riskier materials. However, few incentives exist for efficient
and environmentally sound pest-control management strategies. Intro-
duction of incentives that would reduce the reliance on riskier pest-con-
trol strategies and encourage the use of environmentally friendly strate-
gies is likely to lead to increased efficiency in pesticide use.

Worker-safety concerns have emerged as a major problem associated
with pesticide use. There have been some important improvements, but
the search for more-efficient policies should continue. Development of
these policies might entail investment in research to improve monitoring
on the farm to allow more precise responses to changes in environmental
conditions.

Sometimes objections to pesticides are an issue of subjective prefer-
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ence even when scientific evidence cannot support the objections. In this
case, a government role in banning a pesticide might not be appropriate;
an appropriate role might be to establish a legal framework that enables
organic and pesticide-free markets to emerge and prosper so that con-
sumers can be given an informed choice between lines of products that
vary with pest management.

Although agricultural biotechnology is more successful now than it
was 2-5 years ago, raising money for agricultural ventures is still difficult
for various reasons. First and most important, few investors have exper-
tise in agricultural biotechnology. Second, although investors who exited
early from their investments in 1980s agricultural-biotechnology compa-
nies made good returns, there are no blockbuster successes among the
agricultural biotechnology success stories. Third, agricultural biotechnol-
ogy must compete with telecommunication, software, Internet, and
health-care biotechnology for venture capital. Fourth, few new agricul-
tural-biotechnology companies have continued to generate investor inter-
est (there is no “critical mass”). For United States agriculture to stay in the
forefront with safer, environmentally friendly pest-management tools,
there needs to be a continuing cycle of innovative new companies that
research risky cutting-edge technologies.

Recommendation 4. Government policies should be adapted to fos-
ter innovation and reward risk reduction in private industry and
agriculture. The public sector has a unique role to play in support-
ing research on minor use cropping systems, where the inadequate
availability of appropriate chemicals and the lack of environmen-
tally and economically acceptable alternatives to synthetic chemi-
cals contribute disproportionately to concerns about chemical
impacts.

The public sector can foster innovation in product development and
pest-management practices by continuing to reduce barriers to invest-
ment by the private sector and by increasing implementation of regula-
tory processes that encourage product and practice development. This
points to several recommendations relevant to innovation and risk
reduction:

Recommendation 4a. The Department of Commerce Advanced
Technology Program should be encouraged to fund high-risk R&D
for IPM, EBPM and alternatives that have commercial potential for
early stage companies.

The Advanced Technology Program (ATP) funded by the Depart-
ment of Commerce awards grants that average $1–5 million, making it a
valuable source for an early stage company. Typically ATP awards com-
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panies grants for risky, cutting edge R&D that has commercial potential.
New tools for ecologically based pest management could get a boost if
new companies could successfully compete for ATP funding for develop-
ing new IPM tools and alternatives.

Recommendation 4b. Incentives should be increased for private
companies to develop products and pest-management practices in
crops with small acreages, including access to compete for Interre-
gional Research Project 4 (IR4) funds used to obtain product regis-
trations for minor-use crops.

The Interregional Research Project 4 (IR4) program exists to assist in
getting products registered on minor crops. IR4 awards grants to univer-
sity researchers for biopesticide research. It has a long history of success
in getting registrations for products for minor crops when there are no
incentives for large companies to do so. We expect over the next few years
to see as much success with biopesticides as IR4 has had with chemicals.
Private companies are not allowed to obtain grants, but they are most
capable of moving new products to market. The IR4 program should
broaden its scope and allow private companies to obtain grants. IR4
should also better measure the outcomes (such as impact on farmers) of
its current biopesticide grant program for academic researchers.

Recommendation 4c. Redundancy in registration requirements
should be reduced to expedite adoption of safer alternative
products (such as biopesticides and reduced-risk conventional
pesticides)

Incentives can also be put into place to foster the development of
products and pest-management practices in minor-use crops. Currently,
the EPA’s Biopesticide and Pollution Prevention Division (BPPD) has re-
sponsibility for registering new microbial and biochemical pesticides un-
der subdivision M of the FIFRA. It takes 12-24 months to complete a
biopesticide registration in BPPD. If that time could be reduced to less
than 12 months for minor crops without compromising human and envi-
ronmental-safety screening for minor-use crops, there would be an even
greater favorable financial impact on small companies, and farmers would
benefit by having earlier access to products. Also EPA’s BPPD and
California’s Department of Pesticide Regulation conduct duplicative re-
views and could increase the sharing of the review work.

Recommendation 4d. Evaluation of the effectiveness of biocontrol
agents should involve consideration of long-term impacts rather
than only short-term yield, as is typically done for conventional
practices.
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Many biocontrol agents are not considered acceptable by growers,
because they are evaluated for their immediate impact on pests (that is,
they are expected to perform like pesticides). Some biocontrol pathogens
used against weeds might cause as little as a 10% reduction in fecundity,
which might not be a visible result but has a major long-term effect caus-
ing population decline. Low-efficacy biocontrol agents alone might not be
acceptable for pest management but, in combination with other low-effi-
cacy tactics, they could be preferable because they avoid the selection for
resistance for that is associated with high-efficacy tactics.

Recommendation 4e. At the farm level, incentives for adopting effi-
cient and environmentally sound integrated pest-management and
ecologically based pest-management systems can come from

• Expanding crop insurance for adoption of integrated pest-manage-
ment and ecologically based pest-management systems practices.

• Implementing taxes and fees on environmentally higher-risk prac-
tices.

• Setting up tradable permit systems to reduce overall pollution
emissions.

• Ensuring availability of funds in support of resource conservation
(such as the Conservation Reserve Program).

• Conditioning entitlement to government payment on environmen-
tal stewardship.

• Assessing and more stringently enforcing regulations designed to
protect worker health and safety.

Innovative crop-insurance policies can be developed to promote the
adoption of pesticide alternatives and to increase their economic competi-
tiveness. USDA is developing and piloting some innovative crop-insur-
ance programs to increase incentives to farmers to use alternative prod-
ucts and IPM systems that reduce the number of pesticide sprays. Another
potential approach includes US Senator Richard Lugar’s Farmers’ Risk
Management Act of 1999 (S. 1666), which would change the way crop
insurance has traditionally been used to a risk-management approach
that would involve landowners in helping them to financial viability. The
Act, if it passes, would provide eligibility for crop insurance if IPM or
crop advisers are used.

Recommendation 4f. Funds should be assigned to assess compli-
ance with Worker Protection Standards and to improve worker
health and safety in specialty crops.

Worker safety in specialty crops is a serious concern. There are two
interacting problems: a more intensive interface between worker and crop
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and inadequate effort in developing safer products and practices. Those
problems are exacerbated by the collective importance of such crops in
diversifying and enriching the United States diet. Funds should be as-
signed to study worker health and safety in specialty crops and to assess
compliance with WPS. Without more detailed objective information on
compliance, there is a reasonable doubt that the 1992 WPS is accomplish-
ing its goal. Conducting an objective study of compliance with WPS will
be difficult but important. It is imperative that the organization and indi-
viduals conducting such a study be unbiased and have no conflict of
interest. Farm workers typically do not know when or what pesticides
have been applied to fields, so they must rely on their employers to pro-
tect them from hazardous exposure. Because some employers might not
follow WPS regulations, funds should be assigned to develop pesticide
formulations that contain specific odors or dyes that would provide farm
workers with direct information on the presence of hazardous pesticide
residues.

PUBLIC-SECTOR ROLE IN EDUCATION

It is clear from the committee’s study that the general public has a
critical function in determining the future role of pesticides in US agricul-
ture. Consumer interest in food and other goods perceived as safe and
healthy fuels the rapid growth of the organic-food market; at the same
time, consumer use of pesticides in the home and on the lawn continues
to grow. Many of the paradoxical decisions made by the voting and con-
suming public arise from a relatively poor grasp of the science behind
crop protection.

The public sector has a responsibility to provide education and infor-
mation. Because knowledge also has public-good properties, a major
responsibility of the public sector is to provide basic knowledge and in-
formation for decision-makers, in both the public and private sectors Edu-
cation in scientific and technical fields is designed to meet anticipated
demands in the private and public sectors. As long as there is a demand
for pesticide-based solutions to pest-control problems, the education sys-
tem has to train people to work in this field and to provide independent
pesticide expertise in the public sector. Because we agree that pest-control
choices have to be determined in the context of a perspective that incorpo-
rates biophysical, ecological, and economic considerations, education
should emphasis basic principles and knowledge that will lead to in-
formed decisions.

The broad set of considerations associated with pest-control decisions
requires more interdisciplinary education in land-grant universities.
People trained in life sciences and agriculture should also have a strong
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background in decision theory, risk evaluation, ethics, and economics to
be able to handle pest-control problems in the commercial world. Many
of the decisions associated with pest control are subject to public choice
and public debate. To obtain rational and efficient outcomes, it is essential
that scientists be able to communicate with the public in a clear and non-
technical manner about the tradeoffs associated with alternative pest-
control issues.

All citizens should be familiar with the basic principles of applied
biology and risk evaluation, which can be provided as part of basic educa-
tion. The general public, including children from kindergarten to 12th
grade, should be educated about basic principles of environmental risk
and of pest and disease control.

Recommendation 5. The public sector must act on its responsibility
to provide quality education to ensure well-informed decision-mak-
ing in both the private and public sectors.

This effort encompasses efforts in the agricultural sector, in the aca-
demic sector, and in the public sector at large.

Recommendation 5a. In the agricultural sector, a transition should
be made toward principle-based (as opposed to product-based) de-
cision-making. The transition should be encouraged throughout the
continuum from basic to implementation research in universities,
in extension, in the USDA Agricultural Research Service, and
among producers.

Formulaic approaches to pest problems that are aimed at yield maxi-
mization rather than at sustainability approaches (product-based deci-
sion-making) have contributed to many of the problems plaguing agricul-
ture. A sound grasp of fundamental principles should provide
decision-makers with the flexibility needed to select from a menu of alter-
natives and to tailor practices to particular production systems

Recommendation 5b. Land-grant universities should emphasize
systems-based interdisciplinary research and teaching and foster
instruction in applied biology and risk evaluation for nonscien-
tists.

There is a need to educate legislators and the general public about
ecologically based pest management in research and in practice. Invest-
ment in increasing K–12 exposure to concepts of risk evaluation, food
agriculture, and general biology can also have enormous benefits in creat-
ing a more knowledgeable and educated electorate.
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5c. An effort should be made, in the government and in the land-
grant system, to educate and train scientists about the value of pub-
lic outreach.

The public sector should provide incentives and training for scientists
to communicate effectively to the public about principles and practices of
ecologically based pest management. Such incentives are almost nonex-
istent in many institutions, particularly outside the agriculture colleges.
Outreach efforts, because of their overall value in providing popular sup-
port for the research enterprise, should be accorded some commensurate
value in decisions related to career advancement and professional stature.

CODA

Our goal in agriculture should be the production of high-quality food
and fiber at low cost and with minimal deleterious effects on humans or
the environment. To make agriculture more productive and profitable in
the face of rising costs and rising standards of human and environmental
health, we will have to use the best combination of available technologies.
These technologies should include chemical, as well as biological and
recombinant, methods of pest control integrated into ecologically bal-
anced programs. The effort to reach the goal must be based on sound
fundamental and applied research, and decisions must be based on sci-
ence. Accomplishing the goal requires expansion of the research effort in
government, industry, and university laboratories.
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1

History and Context

DEFINITION OF PESTICIDE

The word pesticide and its more specific variants insecticide, fungicide,
and herbicide have been in common parlance for over a century. Although
there is general agreement as to their essential meaning, there is by no
means widespread consistency in their use by the general public, by sci-
entists, or by legislators and regulators. The literal meaning of pesticide is
“pest-killer”, but common usage has restricted its meaning considerably.
Although physical agents—such as heat, cold, and even shoe leather—
have proved to be effective pest-killers over the years, they are rarely if
ever considered pesticides. The entry of the terms into the language coin-
cided with and was occasioned by the introduction and adoption of
chemical agents and today these terms are used almost exclusively to
refer to chemical agents that kill pests. It is important to define the terms
precisely and to use them consistently; the definitions will affect the
changing status of pesticides in regulatory contexts and their economic
impact in the broader context of US agriculture.

The original definition of pesticide in the Federal Insecticide, Fungi-
cide, and Rodenticide Act (FIFRA) came from earlier California law. The
legal definition has since been modified at the federal and state levels.
According to FIFRA, “a pesticide is any substance (or mixture of sub-
stances) intended for a pesticidal purpose, i.e., use for the purpose of
preventing, destroying, repelling, or mitigating any pest or use as a plant
regulator, defoliant, or desiccant, except that the term ‘pesticides’ shall
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not include any article that is a ‘new animal drug’ within the meaning of
section 201(w) of the Federal Food, Drug, and Cosmetic Act (31 USD 321
(w)), that has been determined by the Secretary of Health and Human
Services not to be a new animal drug by a regulation establishing condi-
tions of use for the article, or that is an animal feed.” What can be consid-
ered a pesticide is determined in part by what is specified as a pest.
According to FIFRA, “an organism is declared to be a pest under circum-
stances that make it deleterious to man or the environment.” FIFRA also
lays out the foundation for the regulation of pesticides by the federal
government: according to the July 1, 1997, edition of FIFRA, as amended,
“no person may distribute or sell any pesticide product that is not regis-
tered under the act except as provided in (152.20, 152.25 and 152.30).”
Pesticides are regulated by three federal agencies: the US Department of
Agriculture (USDA), the Environmental Protection Agency (EPA), and
the Food and Drug Administration (FDA).

Although the legal definition of a pesticide might appear straightfor-
ward, its biological underpinnings are tenuous at best. Among the most
important complications is the broad definition of pest itself, a term with
no biological validity (Newsome, 1967). Simply put, a pest is any organ-
ism that appears in a place where it is unwelcome, and unwelcome is
defined in strictly human terms. Pest status does not adhere to taxonomic
lines; some families of insects, for example, have members that are pest
species and others that are regarded as beneficial (the beetle family
Coccinellidae, for example, includes economically damaging herbivorous
crop pests and predaceous biological control agents). By the same token,
some species are regarded as an economic boon in some localities and a
bane in others. Even in the same locality, different constituencies might
regard the same species from different perspectives. In some parts of the
southern United States, for example, Johnsongrass is considered a nox-
ious weed by crop producers and an important component of dove habi-
tat by hunters. Clearly, the same species of plant can be a crop or a weed,
depending on circumstances. The fact that little if any taxonomic consis-
tency underlies pest status suggests that selectivity for pest species, gen-
erally considered a positive attribute of a pesticide, is unlikely to be
achieved easily.

Confusion in the general public as to the nature and origin of pesti-
cides is a reflection of inconsistencies in usage among various constituen-
cies. According to FIFRA, substances that repel but do not kill pests and
substances that mitigate pest problems are considered pesticides—a des-
ignation that is neither intuitive nor etymologically consistent. Moreover,
in a legal context, origins serve as the basis of differentiation. According
to EPA, for example, substances produced naturally by plants to defend
against insects and pathogenic microbes—and the genetic material re-
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quired for the production of such substances—are considered “plant-pes-
ticides”. The term pesticide without modification implies a material syn-
thesized by humans. There is a regulatory program in which incentives
are provided for reduced-risk pesticides (EPA 1992), that is, pesticides
with minimal impacts on nontarget species (including humans) and eco-
systems. Such pesticides might include natural metabolites, which often
are highly biodegradable and can be selective in their mode of action. The
implication is that these materials are produced by living organisms as
opposed to being synthesized industrially.

Recent developments in the production of pesticides might cloud that
distinction further in the near future. For example, a biological step (using
an esterase for chiral resolution) instead of a chemical catalysis is used in
the synthesis of Pydrin® insecticide in Japan; however, this material is
considered a synthetic pesticide, not a natural metabolite. In the pharma-
ceutical arena, pregnenolone and progesterone have been synthesized in
yeast via deletion of one gene and insertion of five genes (Duport et al.
1998). The question arises as to how extensively organisms can be ma-
nipulated and still be considered to produce a natural metabolite. The
reduction in restrictions for pesticidal natural metabolites offers a needed
boost to companies seeking to market materials generally considered to
be more environmentally compatible. This influx of new products will
likely increase the diversity of materials available to pest-management
specialists and create new confusion in the minds of customers.

Other considerations in defining pesticide are the mode of application
and the intent of the applicator. Applied biological control involves hu-
man input, but the agents involved—natural enemies of pest species—are
not regarded as pesticides by FIFRA. Classical biological control involves
the intentional release of a beneficial, generally nonindigenous species to
control a deleterious species. On occasion, the population of the beneficial
species must be augmented by human intervention, often in the form of
inundative numbers to flood a problem area rather than inoculative num-
bers to establish long-term populations. FIFRA does not regulate
macroorganisms, such as parasitic wasps and nonpathogenic nematodes,
and microorganisms are exempt from oversight if their vector is a nema-
tode (NRC 1996). In general, biological control agents offer a high degree
of specificity, but there is a discernible trend toward a pesticide applica-
tion mentality with inundative use of these technologies. The use of mi-
crobial pesticides is an example of how nonchemical control techniques
can have greater similarities to chemical control techniques than to other,
more natural measures of pest control.

For the purposes of this report, we use the FIFRA definition of pesti-
cide with a clear extension to encompass biopesticides (which include
microbial pesticides and plant metabolites (box 1-1), but we will specifi-

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


20 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

cally exclude agents that are normally considered to be biological control
agents and plant varieties that are produced by traditional breeding pro-
grams. We will extend the term to agents used in veterinary medicine to
control insect and nematode pests.

Pesticides used in companion animals and livestock include pesti-
cides that fit the FIFRA definition and that have been used widely in the
treatment of insect infestations of animals. With the advent of the aver-
mectin class of endectocides in the late 1970s—ivermectin, doramectin,
milbemycin, and moxidectin—compounds that are active against both
external insects and internal parasites became available (figure 1-1). Thus,
some pesticides used on animals undergo approval through the FDA
New Animal Drug Application (NADA) policy and do not undergo re-
view and approval through FIFRA policy.

HISTORY OF PEST CONTROL

From their earliest days agriculturists have been beset by pests. Carv-
ings dating back to 2300 BC in tombs in Egypt, one of the centers of plant
domestication, depict locusts eating grain. Biblical passages allude to
locusts (Exodus 10:3-6, 12-17, 19) and agricultural pests of other kinds
(Joel 1:4, 7, 10-12, 17, 18, 2:19, 25; Deuteronomy 28:38, 39, 42; Amos 4:9,

BOX 1-1
Biopesticide Categories

Product Definition Examples

Microbial Microorganisms that Bacteria, fungi, viruses,
pesticides operate as the active virus coat proteins

ingredient

Plant-pesticides Substances that plants Bacillus thuringiensis
produce from genetic pesticidal protein, potato
material that has been leafroll virus (PLRV)-
added to them resistance gene produced

in potato plants
Biochemical Naturally occurring Pheromones, floral
pesticides substances that control  attractants and plant

pests by nontoxic volatiles, natural
mechanisms insect-growth regulators,

plant-growth regulators and
herbicides, repellents

Source: EPA 1999
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19), including weeds (Jonah 2:5). Missing from the writings of the time,
however, are descriptions of pest management. Little practical guidance
was provided for doing anything other than surrendering to pests, possi-
bly because infestations were often regarded as visitations by angry dei-
ties—condign retribution for impure thoughts or disobedience. The most
common recourse in the case of infestation was to appeal to a deity for
assistance.

The Greeks and Romans also had to deal with outbreaks of insects,
weeds, and plant pathogens and similarly resorted to divine intervention
for assistance. In the classical era, however, people began to take it upon
themselves to rid themselves of pests, and pest-management practices are
described in several of the more utilitarian writings that survive. From
those texts, for example, Theophrastus’ Enquiry into Plants, it is apparent
that the ancients had a good grasp of many concepts of pest ecology—that
herbivorous insects are host-specific, that population sizes depend on
climate and geography, and that there is intraspecific variation in suscep-
tibility to particular pests. Knowledge of life cycles was useful in design-
ing pest-control programs; Aristotle’s Generation of Animals was a seminal
work in that regard. Pliny the Elder was the authoritative voice on pest
control for centuries. Pliny was basically a politician with a penchant for
writing—his Natural History encompassed 32 volumes and covered al-

Livestock and companion animal
pesticides

FIFRA-approved insecticides
for example, Malathion,
 Imidacloprid, Fenthion

FDA, NDA-approved pesticides
endectocides: avermectins for

example, ivermectin, doramectin, 
moxidection

Insects and other
arthropods 

for example, lice, ticks, fleas,
grubs, maggots, flies

Internal parasites
for example, nematodes (larval and

adult stages), grubs,  maggots

FIGURE 1-1 Relationship between FIFRA-approved insecticides and FDA
NADA-approved pesticides used on companion animals and livestock.
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most all the knowledge of the day. Because he recorded everything duti-
fully, however, without commentary or criticism, it is difficult to differen-
tiate between what was regarded as sound science and what was discred-
ited as folk wisdom. Rightly or wrongly, his work influenced almost all
later writings about pest control until the 17th century.

According to available sources, the Greeks and Romans relied on
several approaches to pest control. Mechanical methods were used exten-
sively, particularly during locust plagues. Systematic manual collecting
was even legislated; in Cyrene, according to Pliny, locusts were collected
by law three times a year, and in Lemnos the law required that each man
take a specific quantity of locusts to the local magistrates (Beavis 1988).
Biological methods of control were less easily regulated, but many classi-
cal authors noted that birds (including jays and jackdaws) feast on insects.
Cultural control, too, was remarkably sophisticated for the era. Many
authors mention intercropping cabbages with vetch or with squill to con-
trol cabbageworm; given the host specificity of Pieris brassicae and P. rapae,
the European cabbageworms, such a practice would likely interfere with
host-finding and reduce infestation (Tahavainen and Root 1972).

Chemical control was, for the most part, even more notably like
today’s. Elemental sulfur, still in use today as an insecticide, was mixed
with oil and used as an insect repellent and was boiled along with bitu-
men and olive oil leaves as a fumigant. As well, Greeks and Roman agri-
culturists relied heavily upon plant extracts for protecting cultivated
plants from insects, weeds, and pathogens. Extracts could be made in
water or oil, from fresh or burned plant material, sprinkled alone or in
combination with other ingredients. A wide variety of plants were used,
but the list is by no means a random one. Many of the plants specifically
mentioned by classical authors as conferring protection against insect
herbivores have been shown to contain highly insecticidal components.
The recommendation of a solution of “dead larvae from another garden”
(Beavis 1988) raises the possibility that alarm pheromones or insect patho-
gens were exploited for control purposes.

Europeans did little to advance the front of pest management after
the collapse of the Roman Empire; classical authorities were dutifully
copied and knowledge progressed slowly. What typified the era in gen-
eral was not so much progress as regression; instead of relying on scien-
tific observation, people tended to rely on divine intervention (of a sort) to
deal with pest problems. There arose in the ninth century the curious and
remarkably durable practice of prosecution, excommunication, or
anathematization of insects and other animals in ecclesiastical courts of
law. Historical records document at least 13 such cases in the 9th through
15th centuries. In the 100-year span of the 16th century, 18 trials were
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conducted. They then began to taper off, but the practice continued well
into the 19th century (Evans 1906).

As early as the 17th century, more scientific measures were being
adopted to combat insect pests. Francis Bacon, lord chancellor of England
in 1561–1626, is widely credited with introducing the scientific method.
Although classical authorities continued to be acknowledged as sources,
their accounts no longer took precedence over direct observation and
experimentation. Moreover, throughout the 17th and 18th centuries, the
stepped-up pace of world travel and exploration led to the discovery of
new cultures, approaches, and materials—tobacco, for example, a New
World plant known as a fumitory, also proved to be an exceptional insec-
ticide. Most of the magical practices fell into abeyance and were virtually
forgotten.

By the beginning of the 19th century, the pest controller’s armamen-
tarium was restricted primarily to botanical preparations, elemental sul-
fur, oil soaps and kerosene emulsions to combat insects, and lime and
sodium chloride for weed control. By the end of that century, however, a
fundamental change had taken effect, owing in large part to two major
innovations. Classical biological control—the importation of natural en-
emies from the original area of an introduced pest—was popularized by
the dramatic success of the release of Rodolia cardinalis, the vedalia beetle,
to stop an outbreak of Icerya purchasi, cottony cushion scale, in California
in 1873. By 1902, biological control was extended to weed management
when efforts were launched to identify natural enemies of the weedy
shrub Lantana camara for importation into Hawaii, where it was choking
out native vegetation (Clausen 1978).

Almost contemporaneous with pioneering developments in biologi-
cal control was the fortuitous discovery that compounds containing heavy
metals have pesticidal properties (Ordish, 1976). Although Paris green, a
component of paints that consists of a mixture of copper and arsenic acid,
was applied initially to grape foliage in France to discourage thievery, its
efficacy in reducing herbivore damage did not escape notice. Its effective-
ness, coupled with that of Bordeaux mixture as a fungicide, stimulated
extensive testing and adoption of a variety of inorganic compounds as
pesticides. Copper sulfate was introduced for use against charlock in
wheat fields (and remains in use today as an algicide) (Timmons 1969).
Hydrocyanic acid came into use as a fumigant in 1886 against insects, and
carbon bisulfide as a fumigant against weeds in 1906. Arsenicals were
used for both insect and weed control—lead arsenate for insects in 1892
and sodium arsenite for annual weeds in terrestrial and aquatic systems.
Accompanying the proliferation of pesticides was an intensified effort to
design and manufacture equipment to increase application efficiency.

The heavy-metal compounds, making up the so-called first genera-
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tion of chemical pesticides, also had some drawbacks. Their broad-spec-
trum toxicity extended to human applicators, and under particular envi-
ronmental conditions they could cause extensive damage to crop foliage.
Moreover, without regulation, unscrupulous manufacturers proliferated,
offering for sale products with little or no active ingredient. In California,
the extensive fraud led to the Insecticide Law of 1901, the nation’s first
pesticide law, which standardized arsenic content in arsenicals. By 1901,
California alone was spending over $250,000 on pesticides for food pro-
duction (Stoll 1995).

Despite the problems associated with inorganic insecticides, they sup-
planted the use of biological control agents in most segments of the agri-
cultural community. Thus, upon their discovery, the so-called second
generation of insecticides, the synthetic organic compounds, found ready
markets. Dichlorodiphenyl trichloroethane (DDT) had been synthesized
by Otto Ziedler in 1874, but its insecticidal properties were not discovered
until 1939, when Paul Muller tested it as part of an extensive screening
study. DDT was cheap, persistent, and extraordinarily toxic to a wide
variety of arthropods. Its utility in suppressing a typhus epidemic in Italy
in 1943-1944 enhanced its appeal, as did its use in reducing wartime casu-
alties in the Pacific Theater from malaria and other insectborne diseases.
At the end of World War II, DDT became available for public use and was
widely adopted (Dunlap 1981). Its astonishing efficacy led to the develop-
ment of a variety of chlorinated hydrocarbons, such as gamma-lindane
and toxaphene. Another product of wartime research was the organo-
phosphates, which, despite their greater toxicity to mammals and other
nontarget species, enjoyed considerable popularity because of their broad-
spectrum efficacy and low cost (Casida and Quistad 1998).

Herbicides developed in parallel with insecticides during this era.
Inorganic agents predominated in the early part of the 20th century. So-
dium chlorate was used to control deep-rooted perennial weeds in non-
crop areas and in small patches of field bindweed in cultivated fields;
borates were found to control weeds without the flammability of the
chlorates and are still used under asphalt to prevent weed growth
(Timmons 1969). The compound that in 1942 dramatically illustrated the
value of synthetic organic compounds for weed control was 2,4-dichlo-
rophenoxyacetic acid (2,4-D); this compound was widely and enthusiasti-
cally embraced because of its selectivity for broadleaf weeds. Introduced
soon after were substituted ureas and uracils, S-triazines and triazoles,
and phenoxyethyl and acid sulfate compounds. From 1950 to 1969, the
number of herbicides registered and released for use tripled (Timmons
1969).

The virtues of many of the synthetic organic insecticides proved in
the long term to be environmental liabilities (Metcalf, 1980). Persistence
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reduced costs of application but also increased the probability of the evo-
lution of resistance. Moreover, persistence and broad-spectrum toxicity
led to widespread nontarget effects. Predators and parasites were espe-
cially vulnerable because of biomagnification, increases in concentration
as material moves up a food chain. Unintended devastation of natural
enemies led to the appearance of secondary pests, species that, before
extensive insecticide use, were kept in check by their enemies. Biomagni-
fication also led to concern about human health effects of repeated long-
term exposure to residual pesticides as environmental and dietary con-
taminants.

Momentum for reassessments of pesticide safety and efficacy in-
creased through the late 1950s. Public concern about pesticides crystal-
lized with the publication of the book Silent Spring by Rachel Carson in
1962. The thesis of the book was that current patterns of pesticide use
were harmful and that environmentally compatible alternatives to pesti-
cides were available and should be used more extensively. Although
Carson did not advocate a total ban on pesticide use (rather, she argued
for their intelligent use), reaction in the chemical community was swift
and critical. Nonetheless, her well-written arguments won her a substan-
tial constituency. In the years following, environmental awareness grew
among the public. By the end of the 1960s, a major effort to reevaluate the
role of pesticides in US agriculture emerged; it culminated in the creation
of the Environmental Protection Agency, a ban on DDT (and later other
organochlorine insecticides) for all agricultural uses, and passage of legis-
lation regulating the production and use of pesticides. Since 1971, many
synthetic organic insecticides have been canceled or restricted because
they posed health or environmental risks (table 1-1).

In the wake of Silent Spring, alternatives to synthetic organic insecti-
cides have received more attention in the research community. In 1959,
the first insect pheromone, bombykol, was characterized; by 1966, the sex
pheromone of the cabbage looper Trichoplusia ni, a pest of several row
crop species, was identified and ushered in an era in which pheromones
have been exploited for trapping, mating disruption, and monitoring of
pests. Advances in insect physiology allowed the development of control
chemicals targeted at disrupting hormones that regulate insect growth,
such as methoprene, a compound that works as a juvenile hormone ana-
logue to interfere with maturation. The advantages of these so-called
third-generation and fourth-generation pesticides were numerous; among
them were that they offered specificity and environmental degradability.
Nonchemical alternatives also proliferated, notably, control techniques
based on microbial pathogens.

By the 1990s a new approach to pesticide development was made
possible by advances in molecular biology and genetic engineering.
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TABLE 1-1 EPA Regulatory Actions and Special Review Status of
Selected Pesticides Used in Field-Crop Production, 1972-June 1995

Pesticides Regulatory Action Date

Alachlor Uses restricted and label warning, under
EPA review for groundwater contamination 1987

Aldicarb Use canceled on bananas, posing dietary risk 1992
Aldrin All uses canceled except termite control 1972
Captafol All uses canceled 1987
Chlordimeform All uses canceled, use of existing inventory until 1989. 1988
Cyanazine Manufacturers voluntarily phasing out production

by 2000, but stock can be used until 2003 1995
DDT* All uses canceled (except control of vector diseases,

health quarantine, and body lice) 1972
Diazinon All uses on golf courses and sod farms canceled 1990

Dimethoate Dust formulation denied and label changed 1981
Dinoseb All uses canceled 1989
EBDC** Protective-clothing and wildlife hazard warning 1982
(Mancozeb,
Maneb, Metiram,
Nabam, Zineb)
Endrin All uses canceled 1985
Ethalfluralin Benefits exceeded risks; additional data required 1985
Heptachlor All uses canceled except homeowner termite control 1988
Linuron No regulatory action needed 1989
Methyl bromide Annual production and use limited to 1991 levels;

use to be terminated in 2001 1993
Mevinphos Voluntary cancellation of all uses 1994
Monocrotophos All uses canceled 1988
Parathion Use on field crops only, under EPA review with

toxicity data requested 1991
Propargite Registered use for 10 crops canceled, use for

other crops remains legal 1996
Toxaphene Most uses canceled except emergency use for

specific insect infestation of corn, cotton, and
small grains 1982

Trifluralin Restrictions on product formulation 1982
2,4-D*** Industry agreed to reduce exposure through label 1992
(2,4-DB, change and user education
2,4-DP)

*dichlorodiphenyltrichloroethane
**ethylene bisdithiocarbamic acid
***2,4-dichlorophenoxyacetic acid

Sources: EPA, 1998; Lin et al., 1995.
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Casida and Quistad (1998) highlighted the actual and potential contribu-
tions of genetic engineering to pesticide productivity

• Enhancement of pesticide manufacturing capabilities (via cell-cul-
ture techniques).

• Improvement in rates of discovery of novel compounds (via novel
screening techniques).

• Facilitation of development of transgenic crops that produce their
own defenses.

• Facilitation of development of transgenic natural enemies that can
withstand exposure to conventional pesticides.

• Evolution of new pesticides, in terms of mode of action, structure,
specificity and origins.

GOALS OF AGRICULTURE

Pesticides have been an integral part of US agriculture since its earli-
est days. The goals of US agriculture have historically been to

• Ensure an adequate supply of high-quality safe food and other
agricultural products to meet the nutritional needs of consumers.

• Sustain a competitive food and agricultural economy.
• Enhance quality of life and economic opportunity for rural citizens

and society as a whole.
• Maintain a quality environment and natural-resource base (USDA

1999).

The use of pesticides in the past has been motivated and justified by their
perceived effectiveness in allowing the agricultural sector to achieve its
goals. Agriculture and related activities are evaluated by their contribu-
tion to the well-being of the nation (Just et al. 1982) which can be thought
of as the sum of the well-being of members of a society. Historically,
various agencies in the public sector (such as the US Department of Agri-
culture, the Food and Drug Administration, and land grant universities)
have been extensively involved in

• Research, development, and testing of pest controls.
• Oversight of those controls (chemical and, increasingly, biological

and genetic) for safety and efficacy.
• Transfer of the control technologies to producers.
• Education of the public about pest management.
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Public support for research has traditionally been justified by the
public-good argument for research that does not lead to commercial inno-
vations. Research that does not generate marketable products that will
repay the research is of high priority for public support. It can be research
that leads to ecological and evolutionary biological information, to new
cultural practices, or to biological control techniques for pest manage-
ment. Studies in biochemistry, physiology, genomics, and genetics may
also contribute to enrichment of these disciplines such that embodied pest
control innovations that are marketable may eventually be developed.

Today public-sector researchers face concerns about their continued
participation in this enterprise. Federal funding of pesticide research has
historically had a very narrow base, evidenced by the pattern of Agricul-
tural Research Service (ARS) funding (table 1-2). Table 1-2 provides a
summary of the funding of 85 chemical-pesticide research projects in the
USDA ARS in 1999. Most ARS chemical-pesticide research is directed to
field studies and efficacy (including postharvest, laboratory efficacy re-
search, and pest-management predictive models). Of the $20,764, 416 that
funds the 85 projects, 57% is in that category. The three categories of field
studies and efficacy (11), environmental fate (7), and residue analysis (15)
are funded at $18.4 million, about 89% of the total for the 85 projects. The
more basic chemical-pesticide research (categories 1-7) received about
$5.3 million, about 25% of the total; categories 8-15 make up the remain-
ing $15.5 million. Environmental-fate research receives 77% of the fund-
ing in the basic categories; field studies-efficacy receives 76% of the funds
supporting the more applied research. It is important to note that little
ARS funding is directed toward basic research (for example, toxicology or
mode-of-action research) that supports development of new chemical
pesticides.

Agencies other than USDA contribute to public sector support of pes-
ticide research, albeit at a lower level. Table 1-3 shows National Science
Foundation (NSF) awards for the divisions of environmental biology and
chemistry for 1995–1999. The table reveals that only 11% of the funded
studies involved agriculture, and less than 4 % involved agricultural pests
or pesticides.

Advances in science that provide alternatives to chemical controls
and that lead to greater understanding of how chemical controls work
have changed the atmosphere in which public research decisions are
made. Also, as a consequence of those advances, public agencies sensi-
tive to how the scientific basis of criteria for determining pesticide use
can change are redefining pesticide use and acceptable amounts of resi-
dues in food products. The increasing availability of alternatives to
chemical pest controls appears to be emerging as a consideration in their
decision-making.
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TABLE 1-2 USDA Agricultural Research Service Funding of Chemical-
Pesticide Research, 1999

Funding Percentage
Category Research subject Dollars of Total

1 Natural products 392,285 1.89
2 Pest biochemistry 75,468 0.36
3 Structure-activity relations,

molecular modeling 62,952 0.30
4 Toxicology, mode of action 0 0.00
5 Metabolism: pest, host, and mammalian 62,952 0.30
6 Pest resistance (to pesticides) 693,827 3.34
7 Environmental fate (includes uptake 4,051,198 19.51

and transport in plants and
environmental degradation

8 Pesticide-screening bioassays 0 0.00
9 Application-delivery technology 850,640 4.10

10 Disposal technology 0 0.00
11 Field studies-efficacy (includes 11,838,807 57.02

postharvest, laboratory efficacy research,
and pest-management predictive models)

12 Resistance management 182,978 0.88
13 Farmworker protection 0 0.00
14 Human exposure 0 0.00
15 Residue analysis (includes chemical 2,553,309 12.30

detection and methods for residue
analysis)

TOTAL1 20,764,416 100.00

1Includes salaries and operating expenses in addition to research.

Source: Pesticide funding data from Nancy Ragsdale, USDA-ARS, 1999.

In light of shifting priorities in pesticide research and management
policies, the USDA and EPA requested the National Research Council
convene a committee of experts to address the future role of pesticides in
agriculture and the nature of research that would be required to support
development and use of new chemical pesticides.

In its charge, the committee was asked to:

• Identify the circumstances under which chemical pesticides may
be required in future pest management.

• Determine what types of chemical products are the most appropri-
ate tools for ecologically based pest management.
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TABLE 1-3 National Science Foundation Award Data Relevant to
Pesticide Research (1995–1999)

Key Words No. of Projectsa % of Projects

CHEMISTRY
Agriculture 12 0.62
Agriculture + chemical 5 0.26
Pesticide 4 0.21
Insecticide 2 0.10
Herbicide 3 0.15
Fungicide 0 0.00
Combinatorial chemistry 14 0.72
Combinatorial chemistry + pesticide 0 0.00
Structure activity 9 0.46
Mechanism of action 4 0.21
Novel target 0 0.00

DIVISION OF ENVIRONMENTAL
BIOLOGY

Agriculture 174 11.04
Pest 128 8.12
Agriculture + pest 49 3.11
Insect + pest 74 4.70
Pathogen 54 3.43
Weed 20 1.27
Resistance 139 8.82
Pest + resistance 27 1.71
Pesticide 13 0.82
Insecticide 7 0.44
Pesticide + resistance 6 0.38
Ecology + pest 95 6.03
Biological control 40 2.54
Ecosystem 529 33.57
Ecosystem + pest 79 5.01
LTERb 48 3.05
LTERb + agriculture 10 0.63
LTERb + agriculture + field crop 1 0.06
LTERb + forest 19 1.21

aTotal number of projects awarded after in 1995–1999 is 42,850. Of them, less than 1%were
related to agriculture and pesticides. Three keyword combinations were used to search for
projects that were related to agriculture and pesticides: agriculture, pest + agriculture, and
pesticide. Numbers of projects found were 325 (.076% of the total), 88 (.021%), and 99
(.023%) respectively. There are two subdivisions within NSF where such projects would
most likely be categorized: Chemistry (CHE) and the Division of Environmental Biology
(DEB). CHE accounts for 1,936 (4.52%) of total NSF projects related to agriculture and
pesticides. DEB accounts for 1,576 (3.68%). Within the two entities, projects are further
divided by keywords used to search for them, as the table shows.

bLTER=long term ecological research.

Source: NSF, 1999.
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• Explore the most promising opportunities to increase benefits and
reduce health and environmental risks of pesticide use.

• Recommend an appropriate role for the public sector in research,
product development, product testing and registration, implementation
of pesticide use strategies, and public education about pesticides.
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2

Benefits, Costs and
Contemporary Use Patterns

BENEFITS OF PESTICIDES

Pesticides are an integral component of US agriculture and account
for about 4.5% of total farm production costs (Aspelin and Grube, 1999).
Pesticide use in the United States averaged over 1.2 billion pounds of
active ingredient in 1997, and was associated with expenditures exceed-
ing $11.9 billion; this use involved over 20,700 products and more than
890 active ingredients. Herbicides account for the greatest use in volume
and expenditure; in 1997, 568 million pounds was used in agriculture,
commerce, home, and garden. Insecticide applications constituted 168
million pounds, and fungicides 165 million pounds. Use patterns of pesti-
cides vary with crop type, locality, climate, and user needs (Aspelin and
Grube, 1999).

Pesticides are used so extensively because they provide many ben-
efits to farmers and by extension to consumers. From the time when syn-
thetic pesticides were developed after World War II, there have been
major increases in agricultural productivity accompanied by an increase
in efficiency, with fewer farmers on fewer farms producing more food for
more people (Figure 2-1) (Rasmussen et al. 1998). A major factor in the
changing productivity patterns, either directly or indirectly, has been the
use of pesticides. In maize, for example, there has been 3-fold increase in
yields since 1950. Although to a large extent this increase is attributable to
the adoption of new hybrids with increased disease and insect resistance
and with the ability to use more nitrogen fertilizer, another major factor
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FIGURE 2-1 Index of farm productivity in the United States, 1948–1996.

aThe index of productivity was determined by dividing all input values (such as
feed, seed, livestock purchases, and pesticides) by all output values (such as feed
crops, poultry, and eggs). Input and output values are unit-free quantity indexes
that measure change over time as weighted by price. They were determined with
Fisher’s Ideal Index number procedure (also known as geometric mean of
Laspayres and Paache indexes).

Source Data from Ball et al., 1997.

has been changes in planting practices facilitated by the availability of
effective herbicides. Historically, for example, corn was planted in hills of
three or more plants and, in many cases, in check rows, which allowed
farmers to cultivate the corn in two directions for weed control. With the
advent of effective herbicides, farmers switched from hill planting to
drilled, narrow-row planting. The plant population increased from
10,000–12,000 plants per acre to 25,000–30,000 plants per acre. That led to
the development of new high-yield hybrids that could tolerate the high
population densities. Herbicides also allowed corn to be planted earlier in
the growing season, and this resulted in a higher yield potential for the
crop. Before herbicides, corn had to be planted later so that the first flushes
of weeds could be killed with tillage. The development of soil-applied
insecticides also allowed more farmers to grow maize for multiple years
and increased productivity on an area-wide basis. Wheat production has
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also benefited from the use of herbicides; earlier, broadleaf and grass
weeds caused great losses in yield. Cultivation is not practical in cereals,
in contrast with maize. The introduction of 2,4-D and grass herbicides
increased yields by controlling the weeds without damaging the crop
(Warren 1998).

The beneficial impact of insecticides is illustrated by patterns of cot-
ton cultivation in the southern United States. When Anthonomus grandis,
the boll weevil, crossed the Rio Grande in 1892, it rapidly spread through
the lower Southeast and drove major cotton production out of many
states. With the advent of synthetic organic insecticides, farmers were
able to return previously infested areas to cotton cultivation. Boll weevil
eradication programs combining chemical control with other manage-
ment practices have further expanded acreage in cotton (Carlson and
Sugiyama 1985). That example also illustrates the complexity of pesticide
issues. After the boll weevil outbreaks exerted their initial damage, south-
ern farmers were forced to diversify their crops. The long-term result was
of such strong economic benefit that the citizens of Enterprise, Alabama,
erected a monument in their town square inscribed “in profound appre-
ciation of the boll weevil and what it has done as the herald of prosperity”
(Pfadt 1978).

Plant disease can be devastating for crop production, as was tragi-
cally illustrated in the Irish potato famine of 1845–1847; indeed, this disas-
ter led to the development of the science of plant pathology (Agrios 1988).
Disease is still a major problem in potato production, and over 90% of the
acreage in the United States is treated with a fungicide to prevent yield
loss. In the Columbia Basin, a late blight epidemic (caused by new aggres-
sive strains of Phytophthora infestans) occurred in 1995, and affected 65,000
ha (Johnson et al. 1997). This area accounts for about 20% of US potato
production. Left unchecked, the late blight epidemic could have decreased
yield by 30–100%. With the use of several fungicides, the epidemic was
controlled, and there was only a 4–6% loss in yield and no increase in
storage loss compared with previous years (Johnson et al. 1997).

One of the major benefits of pesticides is the protection of yield. Ac-
cording to one estimate (Oerke et al. 1994), yields of many crops could
decrease by as much as 50%, particularly because of insect and disease
damage, without crop-protection. Knutson et al. (1990) estimated that
removing pesticides from US agriculture would cause crop-production to
decline, particularly in the southern states, and increase cultivated acre-
age by 10% to compensate for crop yield losses. Crop yield losses were
estimated at 24–57%, depending on the crop species, if no pesticides or
alternative crop protection measures were used. Moreover, exports in this
scenario would decrease by 50%, and consumer expenditures for food
would increase by about $228 per year and be accompanied by an in-

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


36 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

crease in inflation as food prices increased. However, those estimates
failed to take into account the possibility that other pest-control strategies
could be used or that new technologies could be developed in the absence
of chemical control (Jaenicke 1997).

A survey conducted by the Weed Science Society of America (Bridges
and Anderson, 1992) estimated that the total US crop loss due to weeds is
about $4 billion a year. In the absence of herbicides and best management
practices, this loss could theoretically increase to $19.5 billion. The esti-
mated loss in crops grown without herbicides ranged from 20% for corn
and wheat up to 80% in peanuts (Bridges and Anderson, 1992).

Pesticide use also provides some benefits directly to consumers.
Zilberman et al. (1991) estimated that every $1 increase in pesticide ex-
penditure raises gross agricultural output by $3.00–6.50. Most of that ben-
efit is passed on to consumers in the form of lower prices for food. Major
losses prevented by pesticide use are those experienced during transport
and storage. Oerke et al. (1994) estimated that about 50% of the harvested
crop, particularly of such perishable crops as fruits and vegetables, could
be lost in transport and storage because of insects and disease in the
absence of pesticide use. Moreover, pesticide use can improve food qual-
ity in storage by reducing the incidence of such fungal contaminants as
aflatoxins, known liver carcinogens, which are responsive to fungicides.

The use of herbicides has reduced the need for growers to cultivate to
control weeds and that reduction has led to an increase in the practices
associated with conservation tillage. These include no-till, ridge-till, strip-
till, and mulch-till—practices that leave at least 30% cover after planting.
Leaving cover after planting reduces soil loss due to wind and water
erosion up to 90%, and it increases crop residue (organic matter) on the
soil surfaces up to 40% (CTIC, 1998a). Conservation tillage in the United
States has increased from 26.1% of the total acreage in 1990 to 37.2% of the
total acreage in 1998 (1998b). Without herbicides, widespread adoption of
conservation tillage would likely not have taken place.

Although agriculture accounts for two-thirds of all expenditures on
pesticides and three-fourths of total volume used, nonagricultural uses of
pesticides are also substantial. Pesticides are used on some 2 million US
farms but they are also used in some 74 million households (albeit at
much lower rates). Expenditures for home and garden use of pesticides in
US households were approaching $2 billion a year in 1996, most of it on
insecticides ($1.34 billion), fungicides and repellents ($185 million), and
herbicides ($479 million) (Aspelin and Grube, 1999).

Estimating the economic benefit of household pesticides is difficult in
that in most cases no tangible product is sold for a profit. Benefits are
often aesthetic rather than economic (although aesthetic improvement
can increase traffic at a place of business or increase the resale value of a
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residence). Even if difficult to measure, the aesthetic benefits of control-
ling pests in homes, gardens, and lawns, must be sufficient for home-
owners to use pesticide products despite reservations about their safety
(Potter and Bessin 1998); close to 85% of US households contain at least
one pesticide product in storage (Whitmore et al., 1993).

Control of household pests can potentially provide health benefits
because insect allergens (including those present in cockroach excrement
and body parts) contribute to asthma, particularly in children. The pres-
ence of domiciliary cockroaches is strongly associated with sensitization
to cockroach allergens, and sensitization has been associated with the
incidence of bronchial asthma (Duffy et al., 1998). About 70% of urban
residents with asthma are sensitive to cockroach allergens. The high mor-
tality and morbidity of inner-city children due to asthma are linked to
exposure to cockroach allergens (Petersen and Shurdut, 1999). That cock-
roach control could reduce the incidence of asthma is suggested by the
positive correlation between the degree of cockroach sensitivity and the
number of cockroaches seen in infested dwellings by residents. Helm et
al. (1993), for example, established a quantitative relationship between
cockroach density and the amount of cockroach aeroallergens. However,
particularly in multifamily households, reducing cockroach numbers does
not always lower the incidence of asthma (Gergen et al., 1999).

The decision of whether to treat for cockroaches at present is deter-
mined not by an economic injury level (EIL), but rather by an aesthetic
level. EILs cannot be calculated, because an economic value of human life
cannot be easily assessed. No-observed-effect levels (NOEL) based on
detectable levels of cholinesterase depression, however, can be established
for the organophosphate agents used for cockroach control. Assessments
of air and surface residues and biological monitoring have been used to
evaluate multiple exposures of residents of homes undergoing crack and
crevice treatment with organophosphates (summarized in Peterson and
Shurdut, 1999). Maximum daily exposures were calculated at 2.4–8% of
the reference dose (RfD) for children and less than 1% of the RfD for
adults (RfD is the dose at or below which aggregate exposure every day
over the course of a lifetime does not pose a significant risk). Use of
chlorpyrifos, the agent of choice for crack and crevice treatment, was
thought to result in minimal exposures and did not pose an appreciable
risk to residents. Thus, even if aesthetic and health benefits are difficult to
quantify, they still are expected to be offset by very low risk factors for
chemical agents currently in use. On June 8, 2000, US EPA revised their
risk assessment for this compound based on the mandates of the Food
Quality Protection Act (FQPA) and eliminated chlorpyrifos for residential
use. After December 31, 2001, retailers will not be able to sell any
chlorpyrifos for home use except in baits with child-resistant packaging
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(EPA 2000). Risks are not so easily quantified for nonchemical alterna-
tives for cockroach abatement (such as baits, cleaning, and microbial
agents), but they are expected to be low (Peterson and Shurdut, 1999).

Control of stinging hymenopterans, which kill about 40 people in the
United States every year (Merck & Co., 2000), has considerable health
benefits, which are difficult to quantify given the problems associated
with assigning value to human life.

In summary, in the context of production agriculture and ancillary
enterprises, pesticides are intended to

• Increase yields.
• Increase farming efficiency.
• Increase availability of fruits and vegetables.
• Supply low-cost food and fiber for consumers.
• Improve food quality.
• Decrease loss of food during transport and storage.
• Improve soil conservation.
• Ensure a stable and predictable food supply.

Contemporary Pesticide Use on US Crops

Broadly speaking, pesticides are used extensively in US agriculture;
but they are used most intensively on fruits and vegetables. Intensity of
pesticide use is measured by the amounts applied per acreage—which is
much higher for fruits and vegetables than for other crops. For example,
vegetables represent less than 2% of the crop acreage but received 17% of
the total pesticides used (Lin et al. 1995). Current information on pesticide
use is available from USDA surveys on corn, wheat, soybeans, cotton,
potatoes, other vegetables, citrus, apples, and other fruits (ERS, 1997).
Those crops account for about 80% of both planted crop acreage and sales
of agricultural products and can thus be taken as broadly representative
of US agriculture (USDA, 1996). Data on pesticide use include amounts of
active ingredients applied and shares of acreage treated in toto and by
major category (ERS, 1997). In 1996, corn, wheat, cotton, and soybeans
together accounted for almost two-thirds of all pesticides applied to those
crops (ERS, 1997). Corn herbicides alone accounted for about one-third of
the total, and soybean herbicides for about one-eighth. Herbicides and
insecticides applied to cotton each accounted for 5–6% of the total, and
herbicides applied to wheat accounted for 4%. Other pesticides applied to
potatoes, mainly soil fumigants, accounted for over one-eighth of the
total.

The extent of pesticide use on any given crop can also be captured by
the share of acreage treated. By that measure, herbicide use is widespread.
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Herbicides are applied to 92–97% of acreage planted in corn, cotton, soy-
beans, and citrus; 87% of potato acreage; three-fourths of vegetable acre-
age; and two-thirds of the acreage planted in apples and other fruit (ERS,
1997; see Table 2-1). Herbicide use is least extensive on winter wheat
(56%). In contrast, insecticide use is much less widespread. Among row
crops, insecticides are used most extensively in cotton, tobacco, and pota-
toes. About 30% of corn acreage is treated annually with insecticides, and
insecticides are applied to 12% or less of wheat and soybean acreage.
Insecticide use is quite prevalent, however, on fruit and vegetable crops.
Nearly all apples, citrus, and potatoes and about 90% of other vegetable
and other fruit crop acreage are treated with insecticides (ERS, 1997).
Fungicide use is similarly highly prevalent on potatoes and fruit crops.
Among row crops, only in cotton, tobacco and potato are fungicides used
regularly; less than 10% of cotton acreage is typically treated with fungi-
cides. The category “other pesticides” includes defoliants, growth regula-
tors, and soil fumigants, which are used widely on cotton and potatoes.
Potatoes are particularly pesticide intensive—almost 90% of the acreage is
treated, with fungicides and soil fumigants as the dominant types of treat-
ment (ERS, 1997).

One measure of the intensity of pesticide use is reflected by calculat-

TABLE 2-1 Pesticide Use in US Row Crops, Fruits, and Vegetables

Proportion of Area Treated, %

Crop Herbicide Insecticide Fungicide

Row cropsa

Maize 97 30 <1
Cotton 92 79 6
Soybean 97 1 <1
Winter wheat 56 12 1
Spring wheat 88 3 <1
Tobacco 75 96 49
Potato 87 83 89

Fruits and vegetablesb

Apple 63 98 93
Oranges 97 94 69
Peaches 66 97 97
Grapes 74 67 90
Tomato, fresh 52 94 91
Lettuce, head 60 100 77

aData for 1996. Fungicide amounts do not include seed treatments.   Source: Agricultural
Chemical Usage 1996 Field Crop Summary USDA September 1997.

bData for 1995. Source:Agricultural Statistics 1997, NASS Crop Branch (202) 720-2127.
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ing the amount of active ingredient applied per treated acre. We do that
by dividing the total amount of each material used by the number of
treated acres, which we estimate by multiplying planted acreage by the
fraction of acreage treated. If the fraction of acreage treated is not re-
ported (for instance, for other pesticides used on fruits and vegetables),
we use planted acreage instead (Table 2-2). Planted acreage is likely to be
larger than treated acreage, because some acreage is not treated, so this
procedure can result in an estimate of application rate that is lower than
the actual rate.

Potatoes are the most pesticide-intensive US crop, because of their
heavy use of soil fumigants (Table 2-3). Other vegetables and apples are
the next most intensive, receiving a total of about 20 lb of pesticides per
treated acre. Citrus (9.6 lb/acre) is also highly pesticide-intensive. (Lin et
al., 1995). In contrast, cotton, the most pesticide-intensive of the major
crops, received only about 5 lb/acre, about one-fourth to one-half as much
as most fruit and vegetable crops. Corn received less than 3 lb/acre, and
soybeans and wheat 1lb/acre or less. Only in the case of herbicides are
application rates per treated acre comparable between major crops and
fruits and vegetables. Corn and cotton receive roughly the same amounts
of active ingredients per acre as potatoes, other vegetables, apples, and
other fruits (Lin et al., 1995).

The total amount of pesticides applied to some major crops (Figure 2-
2) increased over the last few years after declining for over a decade.
Pesticide use in US agriculture increased steadily from the late 1940s until
around 1980, because of the spread of herbicide use on corn and soybeans
(ERS 1997, Osteen and Szmedra 1989). Pesticide use on major grain and
oilseed crops has fallen consistently since the early 1980s. The adoption of
pest-management programs that take advantage of the strengths of new
pesticides has contributed to decreasing the amount of pesticides used.
For example, a 1992 survey showed that pesticide use in Missouri grain
crops had decreased by 6% since 1975 while the total quantity of herbicide
and insecticide active ingredients had decreased by 38%; the decrease in
herbicide use by Missouri corn and soybean farmers from 1984 to 1992
amounted to 3 million pounds. Those decreases were attributable to the
availability of more effective herbicides with lower application rates
(NAPIAP, 1997). Similarly, a survey in North Dakota in 1996 showed that
many farmers had adopted new cultural and management practices that
enhanced the effectiveness of pest management. For example, 75% of the
farmers surveyed used field monitoring and crop rotation as part of their
integrated program. In addition, several thousand wheat growers were
trained in field monitoring, insect identification, and other practices,
which resulted in a 75% decrease in the number of acres treated for or-
ange wheat blossom midge.
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Increases in pesticide use over the last 10 years are due for the most
part to increases in the use of fungicides and other pesticides, mainly soil
fumigants, on potatoes and other vegetables (Padgitt et al., 2000). In-
creases in pesticide use for a given crop can be the result of additional
acreage being planted. For example, pesticide use in cotton has increased
due largely to the resurgence of cotton production in the southeastern
United States, which is itself attributable to the success of the boll weevil
eradication program administered by USDA (Carlson et al., 1989).

Those trends suggest that differences in the intensity of pesticide use
among crops appear to have become greater over time, mainly because of
increases in the use of fungicides, such other pesticides as soil fumigants,
and growth regulators. Over the last 2 decades, major crops (for example,
grains, oilseeds, and cotton) have become less pesticide-intensive. Insecti-
cide use and herbicide use on potatoes, other vegetables, citrus and apples
have remained roughly constant since the early 1980s, whereas the use of
fungicides and other pesticides has increased. The use of all types of
pesticides on other fruits increased between 1980 and 1990 and has since
remained roughly constant.

Pesticide-Related Productivity in US Agriculture

Gauging the productivity of pesticide use in agriculture is difficult.
The aggregate concept “pesticides” has considerable currency in policy
discussions but is hard to define precisely. Pesticides in the aggregate
encompass a wide variety of chemicals with different properties and ef-
fects. As a result, there might be no consistent correlation between crop
output and common measures of pesticide use, such as the amount of
active ingredient applied or the acreage treated with pesticides. For ex-
ample, reducing the application of a given compound might lead to re-
ductions in output whereas a switch from a less-toxic to a more-toxic
compound that results in the same reduction in weight of active ingredi-
ent applied might not. Despite the conceptual difficulties, it is important
to have at least a rough sense of how pesticide use in the aggregate influ-
ences agricultural productivity.

Zilberman et al. (1991) pointed out that the productivity of pesti-
cides—and thus the effects of reducing pesticide use—depends in large
measure on substitution possibilities within the agricultural economy.
Some substitutes are available only in the short term, when land alloca-
tions, cropping patterns, and consumption are fixed. Others are available
in the long-term. Substitution between pesticides and other inputs can
occur at the farm level or at the regional and national levels. Short-term
substitutes for pesticides at the farm level include labor (such as, hand
weeding), capital and energy (such as cultivation to control weeds),
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TABLE 2-2 Pounds of Pesticide Active Ingredient per Planted Acre in
Major US crops, 1990–1997

1964 1966 1971 1976 1982 1990

Crop Herbicides
Corn 0.387 0.693 1.362 2.454 2.974 2.932
Cotton 0.312 0.631 1.587 1.571 1.829 1.710
Wheat 0.165 0.152 0.216 0.273 0.226 0.215
Soybeans 0.133 0.279 0.840 1.614 1.880 12.870
Potatoes 0.989 1.482 1.521 1.254 1.256 1.687
Other

vegetables 0.670 1.005 1.061 1.696 1.984 1.735
Citrus 0.265 0.397 0.457 3.970 5.556 6.635
Apples 0.617 0.924 0.389 1.427 1.548 0.815

Crop Insecticides
Corn 0.238 0.356 0.344 0.379 0.368 0.313
Cotton 5.259 9.271 5.937 5.503 1.692 1.100
Wheat 0.016 0.016 0.032 0.090 0.033 0.013
Soybeans 0.158 0.086 0.129 0.157 0.164 0.000
Potatoes 1.111 1.984 1.934 2.318 2.898 2.566
Other

vegetables 2.532 2.352 2.610 1.775 2.039 1.662
Citrus 1.825 3.213 2.554 3.843 4.687 4.678
Apples 23.993 20.185 12.011 8.960 7.898 8.220

Crop Fungicides
Corn 0.000 0.000 0.000 0.000 0.000 0.000
Cotton 0.012 0.036 0.018 0.004 0.018 0.080
Wheat 0.000 0.000 0.000 0.011 0.013 0.002
Soybeans 0.000 0.000 0.000 0.004 0.001 0.000
Potatoes 2.463 2.357 2.880 2.962 3.094 2.006
Other

vegetables 1.384 1.179 1.789 1.581 3.056 4.553
Citrus 6.314 4.559 7.754 4.922 4.312 3.950
Apples 17.173 20.190 17.919 16.093 13.512 9.778

Crop Other pesticidesa

Corn 0.001 0.008 0.006 0.006 0.002 0.000
Cotton 0.838 1.373 1.513 1.088 0.824 1.230
Wheat 0.000 0.001 0.005 0.000 0.000 0.000
Soybeans 0.000 0.001 0.001 0.040 0.034 0.000
Potatoes 0.069 0.006 4.467 6.095 11.658 25.055
Other

vegetables 1.777 0.164 1.084 1.584 2.834 6.100
Citrus 1.971 0.766 1.072 0.179 0.006 0.016
Apples 2.298 2.564 1.363 1.424 1.003 0.104
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1991 1992 1993 1994 1995 1996 1997

2.767 2.829 2.758 2.723 2.615 2.661 2.640
1.850 1.949 1.756 2.085 1.943 1.893 2.115
0.195 0.241 0.254 0.294 0.289 0.403 0.342
1.181 1.139 1.066 1.124 1.088 1.212 1.181
1.777 1.643 1.805 2.048 2.074 1.992 1.762

1.700 1.658 1.671 1.681 1.909 2.126 2.127
7.176 6.208 5.385 4.908 4.455 4.170 3.913
0.823 0.883 0.868 1.307 1.739 1.735 1.987

0.303 0.264 0.253 0.219 0.211 0.202 0.218
0.584 1.156 1.146 1.742 1.772 1.278 1.398
0.003 0.017 0.003 0.028 0.013 0.030 0.017
0.007 0.007 0.005 0.003 0.008 0.006 0.011
2.559 2.614 2.816 3.107 2.217 1.717 2.423

1.627 1.572 1.554 1.545 1.511 1.491 1.503
4.706 5.079 5.597 5.215 4.929 4.805 4.783
8.230 8.609 8.894 8.279 7.609 7.375 7.285

0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.050 0.060 0.052 0.080 0.059 0.034 0.065
0.001 0.017 0.010 0.014 0.007 0.003 0.001
0.000 0.001 0.000 0.000 0.000 0.000 0.000
2.274 2.689 3.177 4.449 5.722 4.945 7.930

4.738 4.946 5.482 6.045 6.469 6.902 6.920
4.235 3.837 3.485 3.681 3.791 3.626 3.478
9.259 9.713 9.978 10.022 10.000 11.497 13.245

0.000 0.000 0.000 0.000 0.000 0.000 0.000
1.103 1.193 0.945 1.137 1.163 1.278 1.340
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000

18.621 24.122 28.664 35.734 27.969 25.343 30.837

6.510 6.918 8.062 9.217 10.764 12.341 12.337
—a —a —a 0.102 0.200 0.600 1.100

0.206 0.221 0.217 0.218 0.217 0.217 0.221

Table continued on next page
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Crop All pesticide types
Corn 0.626 1.057 1.712 2.839 3.344 3.245
Cotton 6.421 11.311 9.055 8.166 4.363 4.120
Wheat 0.181 0.169 0.253 0.374 0.272 0.230
Soybeans 0.291 0.366 0.970 1.815 2.079 12.870
Potatoes 4.632 5.829 10.802 12.629 18.906 31.314
Other

vegetables 6.363 4.700 6.544 6.636 9.913 14.050
Citrus 10.375 8.935 11.837 12.914 14.561 15.279
Apples 44.081 43.863 31.682 27.904 23.961 18.917

anone reported or too little reported to make an estimate.

Source: Lin et al.,1995; Padgitt et al., 2000.

TABLE 2-2 Continued

1964 1966 1971 1976 1982 1990

changes in cultural methods (such as changing planting dates), and hu-
man capital (such as scouting). Long-term substitutes at the farm level
include shifts in crop varieties (for example, to more-resistant but possi-
bly lower-yielding cultivars), biological pest controls (such as released
predators and pheromone traps), crop rotation, and land allocations (in-
creases or shifts in cultivated acreage). Long-term substitutes at the re-
gional and national levels include regional shifts in production, such
changes in consumption as increases in imports and decreases in exports,
changes in diet composition, and changes in feed mixes.

In general, pesticide productivity will tend to be low in situations
where substitution possibilities are large. For example, the United States
has a great deal of land suitable for growing grain and oilseed crops. Real
prices of fuel and electricity have been falling since 1980 while the price of
durable equipment has remained roughly constant (Ball et al. 1997). The
prices of both types of inputs have fallen relative to agricultural chemical
prices; this suggests that cultivation has become more attractive relative
to herbicides as a form of weed control. Because US grain and oilseed
production is highly mechanized, those pricing patterns suggest an abun-
dance of cost-effective substitutes for pesticides and thus relatively low
pesticide productivity on these crops. In contrast, the United States has a
limited supply of land in areas with climates suitable for growing fresh
fruits and vegetables year-round. The prices of hired and self-employed
labor have risen steadily, both in real terms and relative to agricultural
chemical prices, and this suggests that labor-intensive pest-control meth-
ods, such as hand weeding and scouting, have become less attractive
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3.070 3.092 3.011 2.943 2.825 2.864 2.858
3.580 4.350 3.892 5.036 4.943 4.483 4.925
0.197 0.273 0.265 0.338 0.311 0.435 0.362
1.190 1.146 1.071 1.127 1.098 1.216 1.193

25.302 31.068 36.462 45.339 37.983 33.997 42.952

14.575 15.094 16.799 18.487 20.679 22.860 22.887
16.118 15.237 14.467 13.906 13.270 13.146 13.043
18.724 19.426 20.174 19.826 19.565 21.041 22.737

1991 1992 1993 1994 1995 1996 1997

relative to pesticide use. Fruit and vegetable production is relatively la-
bor-intensive, so those facts suggest a greater paucity of cost-effective
substitutes for pesticides and thus higher pesticide productivity on fruits
and vegetables.

Pesticide productivity has been estimated in three general ways: with
partial-budget models based on agronomic projections, with combina-
tions of budget and market models, and with econometric models.

Partial-Budget Models

Partial-budget models estimate productivity effects of changes in pes-
ticide use by constructing alternative production scenarios. Each scenario
consists of a set of input usage rates and crop yields. Current production
methods can be obtained from crop budgets when available. Otherwise,
most studies rely on the opinions of experts familiar with crop-produc-
tion conditions in different growing regions to construct scenarios charac-
terizing current production methods and input usage sets likely to occur
under various assumptions of pesticide-use reductions. Changes in yield
are derived from pesticide field trials when available and from expert
opinion otherwise. Current input and output prices are then used to trans-
late changes in input use and crop yields into monetary terms.

The most widely cited studies on pesticide productivity, those of
Pimentel and various coauthors, use this method (see, for example,
Pimentel et al. 1978; 1991; 1992). Cramer’s (1967) assessment of global
crop losses also falls into this category, as does the Knutson et al. (1993)
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study of pesticide use on fruit and vegetable crops. Those studies use data
from field trials and expert opinion to estimate pest-induced losses crop
by crop basis with current pesticide use, without pesticides, and with a
50% reduction in pesticide use. They construct alternative production
scenarios for each crop to estimate changes in input use. Current prices
are then used to value changes in per-acre production costs and per-acre
yield losses, which are added to obtain an estimate of the costs of changes
in pesticide use.

Pimentel and associates compile estimates of crop losses due to in-
sects, diseases, and weeds crop by crop. They then add losses due to each
class of pest on each crop to obtain estimates of aggregate crop losses in
US agriculture. As they acknowledge, this procedure overestimates crop
losses because of overlaps in damage caused by insects, diseases, and
weeds. Crop losses are valued at current crop prices. One of the more
recent of these studies (Pimentel et al. 1991) estimates that aggregate crop
losses amounted to 37% of total output in 1986, up from 33% in 1974.
Those estimates were compared with USDA assessments for the 1940s
and 1950s, which estimated aggregate crop losses due to pests at 34% and
31% respectively, of total output. In comparison, Cramer (1967) estimated
crop losses of around 28% due to all pests in all of North and Central
America. Pimentel and associates interpret the temporal coincidence of
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FIGURE 2-2 Total pesticides application on major US crops, 1964–1997.
Source: Padgitt et al., 2000.
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rising pesticide use and rising crop losses as additional evidence that US
agriculture has been on a “pesticide treadmill” in which disruption of
agroecosystems by pesticides forces farmers to use ever-increasing
amounts of pesticides. The study also estimates that pesticide use could
be reduced by 50% by the substitution of nonchemical pest controls, such
as crop rotation, use of resistant crop varieties, scouting, and field sanita-
tion. It estimates that such a reduction in pesticide use would not result in
any additional crop losses but would increase pest-control costs by $1
billion, or 25%.

Partial-budget models of this kind generally overstate pesticide pro-
ductivity (and thus the economic effects of changes in pesticide use) be-
cause they consider only a small subset of substitution possibilities
(Lichtenberg et al. 1988). They consider only short-run substitution, that
is, changes in production methods while land allocations (acreage, crop
rotations, and cropping patterns) and consumption patterns are kept
fixed. They generally consider only a single substitution possibility for
each crop. At best, they consider one alternative production scenario per
region. Input usage rates and yields are assumed to be constant on all
farms, so input-output ratios (input use per unit of output) are treated as
fixed. The models thus ignore even short-run, farm-level substitution pos-
sibilities caused by differences in land quality, human capital, and other
characteristics of farm operations.

The data used by the studies are problematic. Crop losses cannot
generally be observed directly, because they involve comparisons of ac-
tual output with output that would have been obtained under conditions
that do not typically occur. The empirical basis of the experts’ projections
is thus not very rigorous. Field trials can hold constant all production
practices except pesticide use, deliberately ignoring substitution possi-
bilities. Moreover, they are often conducted in areas with heavier than
normal pest pressure, where pesticide productivity is probably higher
(Pimentel et al. 1991). As a result, studies that rely on data like those
of Pimentel and associates tend to overestimate crop losses in US
agriculture.

In addition, estimates of crop losses at 37% are questionably high. The
costs of pesticides and nonchemical pest-control methods alike are low
relative to crop prices and total production costs (see, for example, the
crop budgets in Economic Research Service, 1997). Crop losses of the
magnitude estimated by Pimentel et al. (1991) should be sufficient to
make it profitable to use chemical and nonchemical pest controls at much
greater rates than observed today. In other words, if crop losses were as
high as Pimentel et al. (1991) estimate, pesticide use would not now be as
low as it is in most crops.
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Combined Budget-Market Models

Other studies have attempted to estimate pesticide related and effects
of large reductions in pesticide use by combining partial- budget models
with models of output markets. These studies use the same approach as
partial-budget models in estimating yield and cost effects of changes in
pesticide use. Alternative production scenarios consisting of input usage
rates and crop yields are constructed for each crop, possibly varying across
production regions. Most studies use expert opinion to construct the sce-
narios. Crop budgets are used to estimate changes in per-acre production
expenses. Projected changes in per-acre expenses and yields are then in-
corporated into models of agricultural-commodity markets and used to
project changes in output prices and consumption in market equilibrium.

Zilberman et al. (1991) used this approach to estimate the likely ef-
fects of pesticide bans such as the failed 1990 California ballot initiative
128, popularly know as the “Big Green,” on the production of five major
fruit and vegetable crops. Zilberman et al. obtained alternative scenarios
from crop scientists for production of five major California fruit and veg-
etable crops (almonds, grapes, lettuce, oranges, and strawberries) under
current conditions and under restrictions on pesticide use that would be
imposed by the Big Green initiative. Budgets were used to calculate
changes in per-acre production expenses. Changes in per-acre production
expenses and in crop yields were used to calculate shifts in the supply
curves of each commodity (Lichtenberg et al. 1988). Estimates of supply
and demand elasticities were then used to calculate changes in produc-
tion and output prices for each crop. The authors found that Big Green
would reduce output by 10–25%, increase crop prices by 13–57%, and cost
consumers $883 million, about 25% of expenditures on the five commodi-
ties at the time (if prices go up more than quantities go down, then expen-
ditures increase).

Models of this type incorporate some, but by no means all, substitu-
tion possibilities. They tend to capture changes in land use, such as
changes in cropping patterns and regional shifts in production. Because
they rely on a limited set of production scenarios, however, they tend not
to capture all possible short-term substitutes at the farm level, such as
shifts in labor, energy, and machinery; use of biological pest controls; and
long-term substitutes, such as changes in crop varieties or crop rotation.
The Zilberman et al. (1991) findings indicate that the potential for substi-
tution in fruit and vegetable crops is more limited than found in other
crop production systems, so pesticide productivity is higher for these
crops.
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Econometric Models

It is possible to estimate pesticide productivity directly with econo-
metric models. Statistical methods can be used to estimate parameters of
models that link output with input use. Varied substitution possibilities
are implicit in the parameters of these models. Specification of models
that are nonlinear in input use allows rates of substitution between inputs
to vary as input usage changes. Alternatively, nonstatistical methods can
be used to derive input-output relationships. Models of this kind are
commonly used to estimate factor productivity and productivity growth
in the US agricultural economy (see, for example, Griliches 1963, Ball
1985, Capalbo and Antle 1988, Chavas and Cox 1988, Chambers and Pope
1994).

Econometric models capture all forms of substitution in production,
including short-run and long-run substitutes for pesticides on individual
farms and at the regional and national levels. They do have some limita-
tions. The data used to estimate these models limit them to reflect only
forms of substitution actually experienced. In addition, the models con-
sider only supply (production) and so do not capture substitution possi-
bilities in consumption, such as changes in diet composition, in feed mix,
and in imports and exports. Separate models of demand and market clear-
ing are needed to capture equilibrium changes in consumption.

Headley (1968) estimated such a model by using state-level cross-
sectional data for the year 1963. He used crop sales to measure output and
expenditures on fertilizers, labor, land and buildings, machinery, pesti-
cides, and other inputs as measures of input use and found that an addi-
tional dollar spent on pesticides increased the value of output by about
$4—a high level of productivity for that period. Such a finding also indi-
cates that increasing pesticide use would increase the profitability of the
agricultural sector substantially. Headley attributed his result to the fact
that use of herbicides was still in a relatively early stage of diffusion at
that time.

Headley’s model, like most economic models, generates estimates of
the marginal productivity associated with pesticides, that is, the addi-
tional amount (value) of output obtained by using an additional unit of
pesticides. Economists believe that in most circumstances (including ag-
riculture) marginal productivity is falling at actual input usage levels;
this implies that marginal productivity is less than average productivity.
Multiplying the marginal productivity of pesticides by the quantity of
pesticides used as, for example, Pimentel et al. (1992) do thus understates
the total value added by pesticides. The total value added can be calcu-
lated more accurately by multiplying the value of the average product of
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pesticides (which exceeds the value of the marginal product) by the
amount used.

Profit maximization implies using pesticides up to the amount where
the value of their marginal product equals their unit price. Pesticides are
for the most part relatively inexpensive in the United States, so one would
expect the value of their marginal product to be correspondingly low. But
a low value of marginal product does not imply a low total product. If the
average product of an input is substantially higher than its marginal prod-
uct, the total value added by the input will be quite high even if its value
at the margin is low. Water is often cited as a case in point. The marginal
value of water is low because so much is used, but its total value is large—
perhaps even infinite—because it is essential for life.

There are several reasons to believe that Headley’s estimate of mar-
ginal pesticide productivity could be too high. First, using sales as a mea-
sure of output tends to bias productivity estimates upward because out-
put price tends to be positively correlated with input demand. Second,
Headley’s specification assumes that pesticides are an essential input,
that is, that production is impossible without pesticides. This assumption,
too, tends to bias the estimate of productivity upward. Finally, as
Lichtenberg and Zilberman (1986) argue, the specification that Headley
uses does not allow pesticide productivity to decline as fast as it should,
again leading to upwardly biased estimates of pesticide productivity.

A useful approach to estimating pesticide productivity is that pro-
posed by Lichtenberg and Zilberman (1986). They argue that pesticides
do not generally affect potential output; rather, they prevent losses and
are thus best conceptualized as producing damage abatement (avoidance
of crop loss), an intermediate input. One appealing specification arising
from this approach is treating realized output as the product of potential
output and damage abatement. The former is produced by normal inputs,
such as land, water, and fertilizer. The latter is produced by damage-
control inputs, such as pesticides. Crop loss avoided (damage abated)
must lie between 0 and 1. Crop losses can be estimated implicitly as the
inverse of damage abatement (that is, as 1 minus the fraction of crop loss
avoided).

Carrasco-Tauber and Moffitt (1992) applied this approach to state-
level cross-sectional data on sales and input expenditures like those used
by Headley (1968). Their use of sales as a dependent variable suggests
that their estimate of pesticide productivity should be biased upward.
Only one of the abatement specifications they used does not assume that
pesticides are essential inputs. That specification generated an implicit
estimate of aggregate US crop losses in 1987 of 7.3% at average pesticide
use, far less than the Pimentel et al. (1991) estimate.

Chambers and Lichtenberg (1994) developed a dual form of this
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model based on the assumptions of profit maximization and separability
between normal and damage-control inputs. They used this dual formu-
lation to specify production relationships under two specifications of dam-
age abatement, neither of which imposed the assumption that pesticides
are essential inputs. They estimated the parameters of these models for
the aggregate US agricultural economy, using time-series data or aggre-
gate input, output, and price index for the period 1948-1989 developed by
Ball (1988). Those data have been used widely to investigate factor pro-
ductivity in US agriculture (see, for example, Ball et al. 1997. As in most
factor-productivity studies in agriculture, Chambers and Lichtenberg
(1994) assumed constant returns to scale, so that all inputs and outputs
were measured on a per-acre basis. A later paper compared four alterna-
tive damage-abatement specifications (Chambers and Lichtenberg, forth-
coming). Statistical tests confirmed the hypothesis that pesticides are not
essential. Statistical tests also showed that crop losses declined as pesti-
cide use increased.

Implicit crop losses in 1987 estimated from those models ranged from
9% to 11%, close to the Carrasco-Tauber and Moffit (1992) estimate but
only about one-fourth to one-third that size estimated by Pimentel et al.
(1991). The estimated parameters of the models imply that a 50% reduc-
tion in pesticide use from 1989 would increase crop losses by 3–4 percent-
age points to as much as 12–15 percentage points under average pest
pressure. Assuming no change in crop prices, farm income would de-
crease by about $3 billion, or 6%, considerably more than estimated by
Pimentel et al. (1991). Because those are aggregate estimates, they give no
indication of how those reductions in pesticide use—with consequent
increases in damage—would be apportioned among crops; the general
depiction of the importance of pesticides in US agriculture presented here
suggests that the bulk of the reductions would come from grains and
oilseeds. Finally, estimated crop losses with zero pesticide use ranged
from 17% to 20%.

Quality, Storage, and Risk

Reducing crop loss is the primary motivation for pesticide use, but
pesticides also render other important services in agricultural pro-
duction: enhancing product quality, prolonging storage life, and reduc-
ing production and income risk.

Product Quality

Pesticides can enhance product quality by reducing mold, scarring,
blemishes, contamination with insect parts and weeds, and other un-
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sightly and unsanitary features. The benefits of such enhanced product
quality have several forms. Cleaner products can receive a higher price.
For example, apple-growers are docked for impurities, and excessively
blemished fruits might be salable only for low-value processing uses,
such as juice. Processors set limits on impurities, such as insect parts or
weeds in fruits and vegetables. They can impose price penalties on viola-
tive shipments or reject such shipments altogether. Federal food-purity
regulations set limits on impurities in fresh produce; produce found to
exceed the limits might not be salable. Federal and state grading stan-
dards for fresh fruits and vegetables prescribe lower grades—and thus
lower prices—for produce that has more blemishes.

Some have argued that many forms of product quality are purely
cosmetic and without a basis in health, nutritional value, or consumer
demand (van den Bosch et al. 1975, Pimentel et al. 1991). Federal food-
purity standards and grading standards have been especially criticized
for that basis. It has been argued that those standards are stricter than
necessary and that the stringency of these standards induces farmers to
use pesticides more intensively than they otherwise would. Studies of
purchases of peaches (Parker and Zilberman 1993), wheat (Ulrich et al.
1987), and other commodities show that consumers are willing to pay
more for agricultural products that have fewer blemishes and impurities.
Some consumer surveys also indicate unwillingness to purchase produce
that has cosmetic defects or insect damage (see, for example, Ott 1990).
Studies of pesticide productivity, such as those discussed previously, ig-
nore quality considerations and thus understate benefits of pesticide use.
In some cases, aesthetic quality is the primary consideration for pest con-
trol, however. Examples include such high-value ornamental crops as
flowers, Christmas trees, and woody ornamentals.

Storage

Postharvest uses of pesticides include treatment with fungicides or
growth regulators to prolong storage life and fumigation to prevent insect
contamination. Prolongation of storage life of fresh fruits and vegetables
increases consumer and producer welfare by increasing the availability of
fresh produce between harvest seasons (Lichtenberg and Zilberman 1997).
Prolongation of storage life of grains essentially lowers the cost of pro-
ducing grain. As noted, insect parts in grain are considered impurities,
and buyers might impose dockage or reject shipments; fumigation of grain
thus enhances grain quality. Fumigation of fresh fruits and vegetables
plays an important role in facilitating trade; many countries require fumi-
gation to prevent inadvertent importation of exotic pest species (Yarkin et
al. 1994). Fumigation has been required in interstate commerce in the
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United States as well (for example, fumigation of citrus to prevent the
spread of the Mediterranean fruit fly). Studies of pesticide productivity
discussed previously ignore postharvest pesticide uses and thus also un-
derstate the benefits of pesticide use.

Risk

It has been argued (van den Bosch and Stern 1962, Carlson and Main
1976, Norgaard 1976) that aversion to risk is an important motivation for
pesticide use, especially preventive insecticide treatment aimed at mobile
insect pests. In this view, many preventive applications serve primarily to
provide farmers with insurance; in other words, pesticide application
provides little protection, because pest pressure in most years is too low
to cause significant damage. Because pesticides are relatively inexpen-
sive, farmers apply them as insurance against the (small) chance that pest
pressure will be large enough to cause appreciable damage. That line of
reasoning suggests that such applications could be eliminated at little or
no cost in increased crop losses or reduced crop quality (van den Bosch
and Stern 1962; Carlson and Main 1976; Norgaard 1976). Scouting and
economic thresholds have been advocated as one means of eliminating
such unnecessary preventive treatments. They have become quite preva-
lent in US agriculture. In 1994-1995, about 90% of cotton acreage, 85% of
potato acreage, 80% of wheat acreage, 75% each of corn and soybean
acreage, 65% of fruit acreage, and 21% of vegetable acreage were scouted
for pests (ERS 1997). Public provision of all-peril crop insurance has been
suggested as a means of eliminating incentives for uneconomical preven-
tive treatment (Carlson and Main 1976, Norgaard 1976).

Preventive treatment might be economically efficient even if there is
only a small probability that pest pressure will cause substantial damage
and farmers are not risk-averse and thus have no demand for insurance.
The average return on preventive treatment will be high when the value
of the crop is high and when the material and application costs of the
pesticide are low. The average return on reactive treatment will be low
when scouting is expensive, when pest pressure is measured with low
accuracy, and when the efficacy of rescue treatments is low. For example,
by the time symptoms of disease in apples become observable, rescue
treatment accomplishes little or nothing; preventive treatment with fun-
gicides is thus standard in many growing regions (see, for example,
Babcock et al. 1992). Under those circumstances (or combinations of them),
growers will find preventive treatment more profitable (and hence less
expenseive) on the average than reactive treatment, and the attractiveness
of scouting will be limited; reducing or eliminating preventive treatment
would reduce crop productivity and increase production cost.
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Recent research suggests that in many circumstances pesticide use
can increase income risk rather than reduce it. Theoretical analysis
(Horowitz and Lichtenberg 1994) and simulation studies (Pannell 1991)
show that pesticides tend to be risk-increasing when crop growth and
pest pressure are positively correlated, as often occurs with weed and
insect pressure in dryland farming. Econometric analyses of cotton in
California (Farnsworth and Moffitt 1981), corn in the US corn belt
(Horowitz and Lichtenberg 1993), and wheat in Kansas (Saha et al. 1997)
and Switzerland (Gotsch and Regev 1996, Regev et al. 1997) confirm that
greater pesticide use is associated with higher income variability for these
crops.

Pesticides do play an important role in reducing risk when used to
enforce quarantines and thereby prevent establishment of invasive pests.
Such treatments can be applied either at the source or at the point of entry
and can help to maintain interstate and international embargoes.

CURRENT PROBLEMS ASSOCIATED WITH PESTICIDES

Resistance to Pesticides

Resistance to pesticides (or, more specifically, synthetic organic
chemicals) is almost universal among pest taxa (NRC 1986). Bacteria have
developed resistance to antibiotics, protozoa to antimalarial drugs, green
mold (Penicillium digitatum) to biphenyl fungicides, chickweed to the her-
bicide 2,4-D, schistosomiasis-carrying snails to the molluscicide sodium-
pentachlorophenate, rats to warfarin, and pine voles to endrin. Resistance
of nematodes to soil fumigants has not yet been observed but systemic
nematocides are relatively new and it is probably only a matter of time
until resistance appears. The evolution of resistance is more the rule than
the exception in pest populations (Brattsten and Ahmad 1986).

Acquisition of resistance is an evolutionary phenomenon—that is, it
is the result of changes in gene frequencies in a population over time.
Normal unexposed populations are polymorphic in that some individu-
als are “preadapted” to cope with the selective agent. The application of
selection pressure in the form of pesticide-induced mortality confers an
advantage to those genotypes whose fitness is not affected by pesticide
exposure; these genotypes reproduce preferentially, and as a consequence,
population composition changes over time. It is important to note that the
use of pesticides does not generally lead to resistance as a result of mu-
tagenicity; although they can lower fitness, they do not, for the most part,
act to change the genotype of an individual (indeed, genetically based
resistance is not acquired during the lifetime of the individual).

It must also be noted that chemical pesticides are not the only mortal-
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ity agents that can select for resistance. For over 2 decades, crop rotation
was used as the principal management strategy for corn rootworm
(Diabrotica spp.) in the midwestern states. Eggs of these species are depos-
ited in the soil by gravid females; in the spring, hatching grubs attack
roots of corn and other graminaceous hosts. By alternating corn with
soybeans, growers greatly reduced rootworm problems; that grubs
hatched in soybean fields encountered no corn roots, emerged, and
starved. However, rootworm problems began to arise in corn planted
after soybeans throughout the region where rotation was heavily used.
These problems were attributable to two kinds of responses. Populations
of D. barberi rootworms with extended egg-stage diapause—lasting 2
years—appeared (Levine and Oloumi-Sadeghi 1991), as did populations
of western corn rootworm (D. virgifera) in which individuals, on reaching
maturity, abandoned cornfields to lay eggs in adjacent soybean fields
(Onstad et al. 1999). Thus, even cultural methods of control are prone to
counteradaptation by pests. Any control strategy that results in the death
or reduced fitness of a substantial portion of the pest population is prone
to the evolution of resistance. Pesticide resistance is conspicuous, how-
ever, because of the intensity of the selection pressure exerted by the
pesticide chemicals, which are designed to effect high mortality.

That insects could become resistant to the toxic effects of insecticides
was first recognized in 1908 (Melander 1914), when a strain of San Jose
scale (Aspidiotus perniciosus) was discovered to be resistant to lime sulfur.
California red scale resistance to hydrogen cyanide was reported in 1916,
and resistance to lead arsenate was found in codling moths in 1917. The
number of resistant species has since increased almost exponentially. In
1976, resistance was recorded in 364 insect species (Georghiou and Mellon
1983). In 1986, the number was over 400 (Ku 1987); and it now exceeds
500. Over 150 microbe species and 270 weed species are resistant to at
least one chemical pesticide (Jacobsen 1997). The majority of cases of in-
secticide resistance involve chlorinated hydrocarbons which have been in
widespread continuous use for the longest time. Depending on the taxon,
resistance to these chemicals is usually acquired within 10 years of first
exposure, and acquisition of one form of resistance can facilitate the ac-
quisition of other forms. (For example, the kdr gene in insects played a
key role in the genetic evolution of DDT resistance and it confers protec-
tion against pyrethroids, another class of pesticides that has the sodium
channel as its target site). The naive notion that insects would not develop
resistance to the so-called third- and fourth-generation insecticides (which
rely on interfering with hormone or pheromone function) was shattered
first by Dyte (1972), who described Tribolium castaneum populations that
were cross-resistant to juvenile hormones. Cross or induced resistance
was later observed in many species (Sparks and Hammock 1983).
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In the middle 1950s, Harper (1957) predicted that herbicide-tolerant
weed species and resistant phenotypes would become common in crop
systems that received annual applications of herbicides. In 1970, triazine
resistance was discovered in Senecio vulgaris; and by 1977, there were 188
documented cases of weeds that were herbicide-resistant in 42 countries
to over 15 families of chemicals in 42 countries (Heap 1997). Most cases
involve a weed species with a single resistance mechanism, but there are
exceptions; Lolium rigidum in Australia, for example, has evolved multiple
resistance to all the herbicides used in the cropping system (seven chemi-
cals in five families). It is likely that auto lactate synthase (ALS) and
acetyl-CoA carboxylase (ACCase) inhibitor resistant weeds will present
farmers with major problems in the next 5 years because of their propor-
tional representation in the large-acreage crop markets and the rapid evo-
lution of resistance to herbicides with similar structure or modes of ac-
tion. Thirty-eight weed species have evolved resistance to ALS inhibitors
in cereal, corn and soybean, and rice production systems (Heap 1997).

Herbicide resistance is still relatively restricted and has been slower
to develop than insecticide or fungicide resistance. The relative rarity of
herbicide resistance is likely due to the low persistence of many herbi-
cides relative to the generation time of the pest, the lower fitness of some
resistant genotypes than of the susceptible genotypes, the ability of sus-
ceptible weeds that escape death to produce large amounts of seed, and a
large reserve of susceptible genotypes in the seed bank (Radosevich et al.
1997). Herbicide-resistant weeds have the greatest economic impact on
crop production when there are no alternative herbicides to control the
resistant genotypes or when the available alternatives are relatively ex-
pensive. Weeds that have multiple resistance are therefore the greatest
concern of producers.

If food production is to become more sustainable, it will be impera-
tive to preserve the efficacy of acceptable weed-control methods by de-
fending against weed adaptation. Rapid and continuing weed adaptation
might explain the persistent nature of yield losses to weeds despite tech-
nological advances (Jordon and Jannink 1997).

Biological factors can affect the speed of selection. One important
factor is the generation time (under selection pressure): the larger the
number of generations per year, the faster the selection of resistance. Root
maggots, such as Hylemya spp., with three or four generations per year
evolved resistance to cyclodienes in only 3–4 years, whereas Diabrotica
virgifera, the corn rootworm, with only one generation per year developed
resistance in 8–10 years. According to Georghiou and Taylor (1976), “it
would be safe to predict that none of us will be present when the 17-year
locust, Magicicada septendecim, will have developed resistance.” The im-
portance of generation time in evolution of resistance is underscored by
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the paucity of predaceous insects that are resistant to insecticides. Al-
though there are insecticide-resistant insect predators such as Coleomegilla
maculata, they are far outnumbered by the resistant herbivores. Predators
that have acquired resistance, notably predaceous mites (Hoy et al., 1998),
have intrinsic reproductive rates comparable with those of prey species.
Rosenheim and Tabashnik (1990), however, dispute the importance of
generation time, mainly because the probability of mutation is the same
in every generation. They examined the literature and found no correla-
tion between the rapidity with which resistance is acquired and the num-
ber of generations per year.

Dispersal and migration also influence the rate of evolution of resis-
tance; if susceptible immigrants invade a local population treated with
insecticide every year, evolution of resistance will take longer. Curtis et
al. (1978) applied the idea to a theoretical control program: grid-applica-
tion to ensure a supply of susceptible immigrants. That approach is being
used to delay acquisition of resistance to Bacillus thuringiensis endotoxin
expressed in transgenic plants; interplanting transgenic plants with sus-
ceptible plants provides a refuge for susceptible genotypes. Fortuitous
survival might be another factor in delaying resistance acquisition. Fortu-
itous survival may be a factor in cases of polyphagous insects only one of
whose hosts is treated or insects that avoid contact with insecticides by
concealment in plant structures.

Finally, operational factors affect the speed of evolution of resistance.
The selection regimen most likely to result in resistance acquisition is to
reach and destroy a high percentage of the population, use a pesticide
with prolonged environmental persistence, apply a pesticide thoroughly
so as to leave no refugia, apply at low population densities to reduce the
probability of survival of susceptible genotypes, apply to every genera-
tion, and apply over a large area to prevent immigration of susceptible
individuals into the target population (Georghiou 1972).

The standard economic conceptualization of resistance treats suscep-
tibility to a pesticide (or class of pesticides) as an exhaustible resource that
is depleted gradually by pesticide application. In many cases, as resis-
tance spreads, pesticide application rates rise while pesticide effective-
ness falls, so that growers experience gradually increasing pest-control
costs and gradually decreasing yields (Hueth and Regev 1974). Growers
can find it profitable to switch to an alternative pest-control method or
even an alternative crop (Regev et al. 1983). Using crop rotation or cycling
of pesticides to retard the spread of resistance or renew the level of sus-
ceptibility in the pest population is implicit in this conceptualization, al-
though not developed explicitly in the literature.

Despite the widespread occurrence of resistance, its effects on US
agriculture as a whole are difficult to quantify. US agriculture has experi-
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enced neither rising pest-control costs nor falling yields in the aggregate.
From 1980 (when the diffusion of herbicide use was largely completed) to
1993, real pesticide expenditures remained roughly constant (Figure 2-3),
while total factor productivity (output corrected for changes in input use)
grew at an average annual rate of 2.6–2.9% (Ball et al. 1997). But growers
have been able to switch to substitute chemicals and use alternative meth-
ods. For example, resistance had already led cotton growers to switch
from DDT to organophosphate insecticides by the time the registration of
DDT was canceled (Carlson 1977). In other cases, producers consciously
rotate pesticides to prevent or retard the spread of resistance. Thus, the
most easily measured impact of resistance to date has been to shorten
economic life of some pesticides. Detailed economic studies documenting
the costs (or lack of costs) of pesticide resistance in specific agricultural
systems are needed to assess the economic impact of pesticide resistance.

Pesticide manufacturers have incentives to respond to resistance both
by developing resistance-management strategies for existing chemicals
and by searching for new substitutes. Development of resistance-man-
agement strategies helps to maintain market share of existing products.
Because fixed R&D costs make up a large share of the total costs of pro-
ducing pesticides, longer product life increases a manufacturer’s return
on investment. At the same time, resistance functions like planned obso-
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FIGURE 2-3 Real pesticide expenditures in the United States, 1979–1997.
Source: Data from Aspelin and Grube  (1999) and deflated by the implicit GDP
price deflator (1996=100) from the Council of Economic Advisors, (2000).
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lescence, creating markets for new pesticides by reducing the effective-
ness of well-established ones and thus increasing expected returns on
investment in new-product development. It gives pesticide developers a
chance to increase their market share at their rivals’ expense. It also de-
creases the window of opportunity to sell generic versions of established
pesticides once their patent protection has lapsed, thereby increasing the
share of time that developers receive patent protection.

Human Health Impacts

Occupational Effects and Risks: an Overview

Pesticides are designed to kill organisms that share many biochemical
pathways and physiological processes with nontarget species in the agro-
ecosystem, with domestic animals, and with humans. The biological com-
monalities make it difficult to develop pesticides that have ample
margins of safety between the pest species and the nontarget organisms,
including humans. Furthermore, the removal of “pest species”, which
might be enhanced by effects on nontarget species, will produce changes
in the treated ecosystems. When one considers that the usual agricultural
practice of cropping in monoculture involves major departures from
“natural” ecosystems, the incremental impact of the use of pesticides on
ecosystems becomes that much more difficult to estimate.

Candidate pesticides undergo extensive and rigorous laboratory and
field testing. In most instances, the batteries of tests have been able to
screen out chemicals that have undesirable characteristics. However, there
are examples of failure of test protocols to warn against specific adverse
effects that became apparent after pesticides came into common use. Two
examples are the organophosphate insecticides Leptophos® and
Mipafox®, which produce a delayed paralysis due to demyelination of
motor axons (Johnson 1982). Workers exposed to the fumigant 1,2-
dibromo-3-chloropropane unexpectedly experienced reduced or no sperm
production (Thomas 1996). There have been many cases of poisoning and
many more of suspected poisoning. However, most of the clinical cases
have been due to gross overexposure in the course of misuse or suicidal
use of the pesticide. (Levine 1991). In a survey of deaths from pesticide
poisoning in England and Wales in 1945–1989, 73% of the recorded 1,012
deaths were due to suicides (Casey and Vale 1995).

It is difficult to generalize the toxicity of pesticides in a useful way.
The target pest against which a pesticide is designed does not necessarily
predict taxonomic risks of toxicity. For example, the fungicide methyl
mercury has caused disproportionate mortality and morbidity in humans
(Bakir et al. 1973, Hartung and Dinman 1972), and the herbicide paraquat
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has been associated with a disproportionate number of suicides (Staiff et
al. 1975). Nor does the chemical structure necessarily predict risk. In the
case of the insecticides, the organophosphate insecticides range from the
essentially nontoxic Abate®, which has been used to control mosquito
larvae in drinking-water supplies, and Ruelene® ,which has been used to
control insect larvae that burrow into the skin of domestic animals, to the
extremely toxic tetraethyl pyrophosphate, Systox®, Guthion®, and par-
athion, all of which are readily absorbed through the intact skin and by all
other routes of exposures. The organophosphate insecticides differ sub-
stantially in toxicity and persistence. The basic mechanism of toxicity of
all of the organophosphates is identical: inhibition of acetylcholinesterase
(Mileson et al., 1998). However, that system is not the only one affected;
organophosphates also inhibit other esterases to differing degrees, and
some of these esterases are involved in the normal detoxification of orga-
nophosphate and carbamate insecticides. Consequently, combined expo-
sures to several of these insecticides can result in synergistic, additive,
and antagonistic responses (DuBois 1969).

Human exposures to pesticides occur through several routes (Ferrer
and Cabral 1995). Exposures to pesticides in the general population tend
to occur mainly through contact with residues in food or water but can
also occur through accidental ingestion of seed prepared for sowing or
through mistaken use of pesticides in food preparation because of their
resemblance to food products. Occupational exposures to pesticides tend
to occur mainly through dermal contact and inhalation. Occupational
exposures constitute a distinct type and generally affect workers involved
in the manufacture, transport, and application of these chemicals. Occu-
pational epidemics tend to be more frequent in developing nations than
in the United States, largely as a result of inappropriate technology trans-
fer (for example, Senanayake and Peiris 1995). Nonetheless, occupational
exposures have long been a source of concern in the United States.

The available statistics on poisoning by pesticides are difficult to com-
pare because different agencies use different classifications and the classi-
fication schemes have changed over time. Reports on pesticide poison-
ings can be based on poison-control center reports, on hospital admission
reports, and on reviewed clinical diagnoses. Even the quality of the infor-
mation contained in death certificates is variable.

Manufacturing Risks

In general, the synthesis and formulation of pesticides are under bet-
ter control than the later stages in the life cycle of a pesticide. Workers in
manufacturing processes are under the direct or indirect supervision of
occupational hygienists. Standards of permissible occupational exposures

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


62 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

are promulgated by the Occupational Safety and Health Administration,
and threshold limit values proposed by the American Council of Govern-
mental Industrial Hygienists for individual pesticides are enforced.

However, there have been excessive exposures and adverse effects
associated with manufacturing processes. The best known of these are
related to the production and synthesis of 2,4,5-trichlorophenol, the pre-
cursor of a number of chlorinated herbicides. The synthesis of 2,4,5-tri-
chlorophenol was associated with the unavoidable trace byproduct 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). The major effects noted were
chloracne and occasional liver damage (Firestone 1977, Pocchiari, F. et al.
1979, Coulston and Pocchiari 1983, Kimbrough et al. 1984) and porphyria
(Bleiberg et al. 1964). Furthermore, TCDD has been shown to be carcino-
genic in laboratory bioassays of rats and mice, and there is epidemiologi-
cal evidence of its human carcinogenicity (Gallo et al. 1991). The herbi-
cides that were based on 2,4,5-trichlorophenol have been removed from
the market, because of the difficulties encountered in removing TCDD
and related dioxin impurities.

Most of the chlorinated-hydrocarbon insecticides—such as DDT, di-
eldrin, aldrin, toxaphene, and chlordane, as well as TCDD—have been
found to be carcinogenic in rodent bioassays. That experience has gener-
ally not been duplicated in humans. However, human exposures tend to
be much lower, even under occupational conditions, than those attained
during bioassays (Leber and Benya 1994). Many of the chlorinated-hydro-
carbon pesticides are very fat-soluble and exhibit a tendency to bioaccu-
mulate. For these reasons, most of the chlorinated hydrocarbon pesticides
are no longer on the US market.

Packaging, Distribution, and Application Risks

The Secretary’s Commission on Pesticides (HEW 1969) called atten-
tion to a number of cases of poisoning due to improper storage or spillage
during transportation involving the insecticides endrin, dieldrin,
diazinon, mevinphos, and parathion. Another prominent case involved a
shipment of dyed seed grain to Iraq; it had been treated with methyl
mercury as a fungicide, was washed to remove the dye, and was used for
food. The instructions on the seed bags were only in English; as a conse-
quence there were 6,530 cases of poisoning, with 459 deaths. (Bakir et al.
1973).

In normal use, the potential for the highest exposures occurs during
the handling of the concentrated pesticides in preparation for application
to crops. The application process is the source of many exposure sce-
narios. The highest exposures are likely to occur during ground applica-
tions, especially for spot treatments when the plants being treated are
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taller than the applicator. Gardeners and nursery workers are likely to be
exposured in enclosed environments. Exposures from broadcast or roto-
misting can be relatively low or very high depending on the wind direc-
tion and strength in relation to the path taken by the applicator (Ecobichon
1996).

The exposure scenarios are only part of the assessment of the likely
risk posed by pesticides. It is also important to know the extent to which
specific pesticides are absorbed into the body and to know the quantita-
tive and qualitative toxicity of the absorbed doses. The major routes of
absorption of pesticides are inhalation, ingestion, and dermal absorption.
For the applicator, all three routes can be important. The characteristics of
the pesticide are also important. Most pesticides are readily absorbed
when inhaled or ingested, and are also absorbed through intact skin. The
rate of dermal absorption is influenced by molecular weight and by lipid
solubility (Feldman and Maibach 1974, Moody et al. 1990). The problem is
made more complex by the variance in permeability of the skin in differ-
ent regions of the body. It is possible to absorb lethal doses of some
organophosphate insecticides while walking through a freshly sprayed
field, so intervals after spraying during which reentry into the field is not
permitted have been established.

In many cases, incidents of acute poisoning are due to failures to
observe safety regulations. In one conspicuous case, in California in 1989,
workers harvesting cauliflower in a field sprayed 20 hours earlier with
two organophosphate insecticides and one carbamate insecticide became
ill after about 1 hour of exposure; at the time, state laws specified a 72-
hour safety reentry interval (Ferrer and Cabral 1995). However, occupa-
tional exposures can occur even when safety regulations are enforced. In
a review of pesticide poisonings of lawn-care and tree-service applicators
reported to the New York State Pesticide Poisoning Registry in a 32-
month period in 1990–1993, Gadon (1996) identified 28 unambiguous
cases; 22 of the 27 people on whom information was available had been
using protective equipment when the exposure occurred.

Residues in packaging materials can also be a source of substantial
exposure and toxicity. One notable example involved a sack that had
contained parathion. The sack was used to build a swing, and the percu-
taneous absorption was sufficient to kill two of five children using the
swing (Hayes 1963).

Trends in Worker Safety Risk

The reporting of cases of poisoning due to pesticides is inconsistent
by region, by circumstance, and over time. Nevertheless, trends begin to
emerge at coarser scales of observation, especially when one concentrates
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on regions that have better reporting schemes, such as California and
some Florida counties. From 1951 to 1967, 151 deaths due to agricultural
chemicals were reported in California; 34 of them were occupational
(Baginsky 1967). The number of reported poisoning cases is always much
higher than the number of reported deaths. In 1966–1970, reported poi-
sonings ranged from 1,347 to 1,493 cases per year; organophosphate in-
secticides were the most common causative agents (Hartung 1975).

Since then, a number of regulatory actions have decreased the num-
ber of deaths attributable to exposures to pesticides. Among them were
the withdrawal of organomercurial fungicides and some of the more toxic
organophosphate insecticides from commercial use. Perhaps most impor-
tant, the use of many of the more potent pesticides has been limited to
trained and licensed applicators.

California is one of a few states that enforce mandatory physician
reporting of all occupational pesticide-poisoning incidents, including fol-
low-up investigations to verify exposure and effects and to determine the
likelihood that the pesticide was responsible (Blondell 1997). Statistics
gathered by the California Environmental Protection Agency (1995, 1996,
1997) indicate that the agency received 1,995-2,401 reports of poisonings
per year during the period of 1993–1995. The agency concluded that 656–
1,332 of the reports could have involved exposures to pesticides in an
occupational setting. Chlorine and hypochlorite were most frequently re-
ported as causing illness. Throughout the 1993-1995 period, incidents of
worker illness due to miscommunication of reentry provisions occurred.
Blondell (1997) and Arne (1997) revealed potential undercounting prob-
lems in statistics collected on pesticide poisonings and accidental pesti-
cide deaths.

The number of deaths related to pesticide exposures decreased dra-
matically compared with that in previous decades. For 1993 (California
EPA 1995), one death was reported: that of a man who ingested strych-
nine-coated seeds, apparently with suicidal intent. Three deaths were
reported for 1994 (California EPA 1996): two elderly men ingested mala-
thion, and one person entered a building while it was being fumigated.
For 1995 (California EPA 1997), one death was reported: a person broke
into a motel room while it was being fumigated.

Special Focus: Health Risks of Farm Workers and
EPA Worker Protection Standards

The impact of pesticides on the short- and long-term health of the
agricultural workforce is poorly documented (Alavanja et al. 1996,
Sanderson et al. 1995). Because agricultural workers are exposed to much
higher levels of pesticides than the general public, studies of this group
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are more likely than studies of other groups to reveal relationships be-
tween health and exposure. Until recently the prevailing view has been
that health studies of farm workers are very difficult to conduct because
farm workers move often and are not generally interested in cooperating
in studies. That view has been demonstrated to be inaccurate (e.g., Kamel
et al. 1998). Some farm workers do move a lot, but others have home
bases. Language barriers and concern over deportation are certainly
issues,but it has been shown that these barriers can be overcome with
appropriate use of camp aids by researchers who are sensitive to cultural
issues.

Epidemiological studies conducted over the last 20 years point to
some associations between particular pesticides and specific types of can-
cer (Zahm and Ward 1998) and subclinical neurological effects (Keifer
and Mahurin 1997), but these studies have been limited in scope and
technique. Most of the studies have focused on cancer incidence, have
used case-control methods, and have been limited to small study popula-
tions. Recently initiated programs, such as the Agricultural Health Study
(Alavanja et al. 1996)—which is being conducted cooperatively by the
National Cancer Institute, EPA, the National Institute of Environmental
Health and Safety, and the National Institute for Occupational Safety and
Health (NIOSH)—are taking a more rigorous approach to the chronic
health impacts of pesticides. The major results of these studies will not be
available for many years and might not be able to point to specific pesti-
cides that influence worker health. Nonetheless, the Agricultural Health
Study is likely to produce important findings.

Some data exist on rates of acute, accidental pesticide poisonings, but
problems with bias in reporting make it hard to estimate the true fre-
quency of accidental poisonings (Arne 1997, Blondell, 1997). EPA and
many farmworker advocacy groups view recent levels of such poisonings
as unacceptable (EPA 1992, Davis and Schleifer 1998, Columbia Legal
Services 1998).

In 1972, FIFRA was amended to broaden federal pesticide regulatory
authority. EPA was given authority to ensure that registered pesticides
were not used in a manner inconsistent with instructions on their pesti-
cide labels. In 1974, EPA promulgated regulations under the title “Worker
Protection Standards for Agricultural Pesticides” (40 CFR part 170). The
regulations included

• Prohibition against spraying workers and other people
• Prohibition against reentry into a sprayed field before the pesticide

had dried or dusts had settled, and a longer reentry period for 12 specific
compounds
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• Requirement of protective clothing for any person reentering a
field before the designated reentry time

• Requirement for notifying workers regarding pesticide-related lo-
cations.

A 1983 EPA review of the 1974 FIFRA regulations designed to protect
agricultural workers concluded that 40 CFR part 170 was inadequate. A
major concern was the lack of enforceability. In 1992, after a long process
of rule-making and public participation, EPA promulgated revisions to
the 1974 rules (EPA 1992). The risk-benefit analysis in the 1992 Federal
Register report stated that “EPA estimates that at least tens of thousands
of acute illnesses and injuries and a less certain number of delayed onset
illnesses occur annually to agricultural employees as the result of occupa-
tional exposures to pesticides used in the production of agricultural
plants. These injuries continue to occur despite the protections offered by
the existing part 170 and by product-specific regulation of pesticides.”
Additionally, The National Agricultural Statistics Service (NASS) esti-
mated that 32,800 agricultural-related injuries occurred to children or ado-
lescents under the age of 20 who lived on, worked on, or visited a farm
operation in 1998. Many of these included exposures to pesticides (NASS
1999).

The 1992 regulations stated further that “the Agency believes that this
(new 1992) rule will reduce substantially the current illness and injury
incidents at modest cost to agricultural employers, pesticide handler em-
ployers, and registrants.” The estimated cost after the first year was pre-
dicted to be $49.4 million per year. “Assuming that the majority of the
current acute illnesses and injury incidents…are prevented through com-
pliance with this new rule, there will be significant benefits to agricultural
workers and pesticide handlers.” In developing the new regulations, EPA
indicated that the “minor use crops are the ones this Worker Protection
Standard will impact the most. Much of agricultural labor is used in mi-
nor use crops, and it is in the production of these crops where the greatest
chance of pesticide exposure to agricultural workers occurs.”

The rules in the 1992 Worker Protection Standard (WPS) apply to all
farm, forest, nursery, and greenhouse operations. The WPS is not appli-
cable to rangelands, pastures, livestock operations, postharvest opera-
tions, structural pest control, nonagricultural plants or noncommercial
plants.

The 1992 WPS and amendments to it are complex, but the general
guidelines are as follows:

• General information on safe use of pesticides and facts about each
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pesticide application on the farm (defined broadly) must be posted in a
central, accessible location.

• Pesticide-safety training must be provided to each pesticide han-
dler and agricultural worker at least once every 5 years.

• Decontamination sites must be established within .025 mile of all
workers and handlers.

• Commercial pesticide operators must inform the agricultural es-
tablishment of all facts regarding pesticide applications on the agricul-
tural establishment property.

• Emergency assistance must be given to any employee who is poi-
soned or injured by a pesticide, and facts about the exposure must be
given to medical personnel.

• Only appropriately trained and equipped handlers may enter
treated areas during the restricted-entry interval (REI). The REIs for class
I, II, III and IV pesticides are 48, 24, 12, and 12 hours, respectively.

• Workers must receive oral or written warnings of pesticide appli-
cation, depending on the pesticide label.

• Warning signs must be posted before pesticide application and
must be removed within 3 days after the end of the REI.

• Spray equipment and personal protective equipment (PPE) must
be cared for and be disposed of in accordance with specific rules (for
example, all PPE must be stored and washed separately from other cloth-
ing).

Further discussion of the WPS guidelines, and of issues of compliance
and the potential for improvement of the guidelines can be found in the
last major section of Chapter 3.

Food Residues

Although the important contribution of pesticides to world food pro-
duction cannot be ignored (Klassen 1995), exposure to residues from their
use is a continuing concern. Pesticide residues can occur in food as a
result of treatment of a food crop or food animal with pesticides, of inad-
vertent contact with the chemical through exposure to air or water con-
taminated with the chemical, or in the case of food animals, of consump-
tion of feed contaminated with the chemical. The amount of residue
encountered in these situations is a complex function of such factors as
the treatment rate or contact level, the physical and chemical properties of
the pesticide, the time between exposure to the pesticide and harvest of
the crop or food animal, and the processing or other treatment of the food
commodity prior to its consumption as human food. A complicating fac-
tor is the decomposition of the parent pesticide to one or more metabo-
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lites or breakdown products; decomposition products can be toxic and so
need to be considered when dietary exposures are being calculated.

The occurrence and concentrations of pesticide residues in foods are
monitored by several organizations (OTA 1988). USDA annually performs
one of the most important surveys of fresh and processed fruit, grain,
vegetables, and milk in the Pesticide Data Program as part of its efforts to
meet the mandates of the FQPA. This effort includes collecting data on
pesticide residues in foods most likely to be consumed by infants and
children. FDA monitors residues in crops and other foods, harvested in
and imported into the United States except meat, milk, and eggs, which
fall under the purview of USDA. Several states, including California,
Florida, and Texas, conduct random monitoring of residues in foods. And
several food industries, most notably those dealing with infant food or
such high-value products as wine and some packaged and canned foods,
analyze food ingredients for pesticide residues.

The percentage of food that tests positive for pesticide residues is
usually 20% or less for all pesticides (Archibald and Winter 1990). The
frequency varies widely with the pesticide and the food commodity. For
example, ethylene bisdithiocarbamate (EBDC) fungicides were found in
49 of 124 samples of succulent garden-variety peas but in only four of 100
samples of bananas (NRC 1993). Chlorpyrifos was found in 116 of 968
samples of fresh apples but in only nine of 751 samples of succulent peas
(NRC 1993). The differences are in part a result of the specifics of registra-
tion (chlorpyrifos is registered for use on apples but not on succulent
peas) and of the percentage of acreage treated even when registration and
a tolerance exists for a chemical-commodity combination.

When residues are detected, they rarely exceed established tolerance
limits. Of all FDA surveillance samples, both domestic and imported, 3%
or fewer were found to be in violation (Archibald and Winter 1990). Vio-
lations are very rare because tolerances are set to take into account the
maximal residue expected at harvest when the pesticide is used according
to its label. Violations also occur when a residue is found on a commodity
for which there is no registration for the pesticide found—often the result
of illegal use or inadvertent residue contamination.

The concern over pesticide residues in foods has many dimensions.
Some pesticides, such as benomyl and EBDCs, or their metabolites (ethyl-
ene thiourea-ETU is a metabolite of EBDC) are animal carcinogens or
suspected carcinogens (NRC 1987, Winter 1992). Their presence in foods
can increase the risk of death due to cancer. Risk is proportionate to the
frequency with which a residue is encountered, the concentration of the
residue, and the frequency of consumption of foods containing the resi-
due. But because carcinogens do not appear to act through a threshold
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mechanism (NRC 1987), any residue consumed can produce a statistical
increase in lifetime dietary cancer risk.

Population subgroups differ in exposures to residues. Infants and
children, for example, can receive higher exposures to pesticides that oc-
cur regularly as residues on such foods as apples, bananas, and pears
because they consume more of these foods than adults and because they
are smaller than adults. Their exposure to a pesticide in these foods is
higher, on a bodyweight basis, than adults’ (NRC 1993). The higher expo-
sure, combined with the greater susceptibility of infants and children to
some pesticides, can increase risks for these population subgroups.

People can be exposed through water or air or by dermal contact, in
addition to food intake. Thus, their total, or aggregate, exposure can be
considerably higher than their exposure via food intake. Exposure can be
to several chemical residues simultaneously because some commodities
are treated with more than one pesticide and because people consume
many foods, any or all of which can contain residues. The effect of these
cumulative residues and whether they act independently of each other or
in an additive or synergistic manner, are subjects of active debate.

Other acute or chronic effects in people can be associated with resi-
dues in food, particularly in the context of illegal use of pesticides. Al-
though aldicarb is still used legally on some food crops, thousands of
people in the western United States became ill in 1985, some seriously,
from consuming watermelons contaminated by the illegal use of this in-
secticide. Although random, composite sampling might show the remain-
ing residues to be well within tolerance, there is some concern that indi-
vidual samples or other commodity units could contain above-tolerance,
possibly harmful residues (NRC 1993). Suspicions regarding potential
teratogenic, neurotoxic, or hormone-disrupting effects also exist for some
chemicals or residue mixtures; these are additional subjects of current
research and public interest.

The concentration of pesticide residues in foods and the frequency
with which they occur have decreased substantially in recent years. Data
on pesticide residues in foods are generally available from field trials
conducted by the registrant, monitoring programs of FDA and state agen-
cies, and marketbasket surveys of FDA and USDA. Marketbasket sur-
veys—such as FDA’s Total Diet Study, in which foods purchased from
supermarkets and prepared for consumption are analyzed—provide per-
haps the best record of dietary intake, although the data are few. Market-
basket surveys support the idea that, generally, very low exposure to
pesticide residues occurs through foods in the United States.

In part, the low exposure is due to the effects of commercial process-
ing and food preparation (NRC 1993, Elkins 1989, Gelardi and Mountford
1993). The decline in food residues has occurred in large part, however,
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because of changes in pesticide chemistry and improved monitoring of
the food supply. Pesticide chemists now favor the use of chemicals of
lower stability, which break down substantially before harvest and before
human consumption of foods. The stable organochlorine insecticides in
wide use in the 1940-1980 era (such as DDT, toxaphene, and chlordane)
have been replaced with less-persistent, less-bioaccumulative chemicals.
And, many modern chemicals are effective at much lower dosage, so the
absolute amount of residue on treated food is one-tenth or less of the
amounts of the older chemicals that they replace. That is not in itself a
guarantee of less risk to consumers, but it turns out that modern chemi-
cals generally have higher margins-of-safety than the older chemicals.
Furthermore, current patterns of pesticide registrations (Figure 2-4) sug-
gest that a greater proportion of the modern pesticides are considered
reduced risk chemicals (EPA, 1999).

The FQPA (1996) poses even more challenges to industry to decrease
risks from exposure to pesticide residues (FQPA 1996, McKenna and
Cuneo 1996). Both aggregate-exposure chemicals and cumulative-expo-
sure chemicals must be considered in risk assessment. Exposures of sensi-
tive subpopulations, such as infants and children, are to be given even
more attention than that afforded as a result of the National Research
Council’s 1993 report (NRC, 1993). Risks due to disruption of endocrine
systems must be addressed with new tests in the chemical evaluation
phase. A single health-based standard for pesticides in foods was estab-
lished, replacing the paradox created by application of the “Delaney
clause” (which was eliminated by the FQPA) to processed foods (NRC
1987).

Soil, Air, and Water Exposures

An understanding of the transport and fate of pesticides in the envi-
ronment is required to evaluate the potential impact of pesticides on hu-
man health and the environment; for example, it is needed to conduct risk
assessments, such as evaluating the probability that a pesticide applica-
tion will contaminate groundwater. Such knowledge is also required to
develop and evaluate methods for remediating environmental contami-
nation. Just as important, knowledge of contaminant transport and fate is
necessary to design pesticides and application strategies that minimize
adverse impacts.

The four general processes that control the movement of chemicals in
the environment are advection, dispersion, interphase mass transfer, and
transformation reactions. Advection, also referred to as convection, is the
transport of matter by the movement of a fluid responding to a gradient
in fluid potential. For example, a pesticide dissolved in water will be
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carried along by the water as it flows through (infiltration) or above (run-
off) the soil. Dispersion is the spreading of matter about a mean position,
such as the center of mass; spreading is caused by molecular diffusion
and nonuniform flow fields. Interphase transfers—such as sorption, liq-
uid-liquid partitioning, and volatilization—involve the transfer of matter
in response to gradients in chemical potential or, more simply, concentra-
tion gradients. Transformation reactions include any process by which
the physicochemical nature of a chemical is altered; examples are biotrans-
formation (metabolism by organisms) and hydrolysis (interaction with
water molecules). Additional information regarding the factors and pro-
cesses that influence the transport and fate of contaminants in the envi-
ronment can be found in Pepper et al. (1997).

The fate of a specific pesticide in the environment is a function of the
combined influences of those four processes. The combined impact of the
four processes determine the “pollution potential” and “persistence” of a
pesticide in the environment. The pollution potential characterizes, in
essence, the “ability” of a pesticide to contaminate the medium of interest
(soil, water, or air). Pesticides with larger pollution potentials are gener-
ally transported readily (for example, low sorption) and not transformed
to any great extent (they are persistent). High rates of transport mean that
a pesticide readily moves away from the site of application. A low trans-
formation potential means that a chemical will persist, and thus maintain
its hazard potential, for a longer time than one with a high potential. The
risk posed by a specific pesticide to humans or other receptors is, of
course, a function of its toxicity, as well as its pollution potential. It is
therefore important to understand both types of properties. For example,
pesticides that are very mobile, persistent, and highly toxic will generally
be associated with the greatest risk.

Once a pesticide is applied to or spilled onto soil, it can remain in
place, or transfer to the air, surface runoff, or soil-pore water. Transfer of
pesticides to surface runoff during precipitation or irrigation is a major
concern associated with non-point-source pollution. Once entrained into
surface runoff, a pesticide can be transported to surface-water bodies.
Consumption of contaminated surface water is a major potential route of
exposure to pesticides. A recent discussion of pesticides and non-point-
source pollution is presented in Loague et al., (1998).

The other major potential soil-water route of pesticide exposure of
humans is consumption of contaminated groundwater. Once applied to
soil, a pesticide can partition to the soil-pore water. It then has the poten-
tial to move down to a saturated zone (aquifer), thereby contaminating
the groundwater. Whether that occurs, the time it takes, and the resulting
degree of contamination depend on numerous factors. Major factors are
the magnitude and rate of infiltration and recharge, soil type, depth to the
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aquifer, quantity of pesticide applied, and its physiochemical properties
(such as solubility, degree of sorption, and transformation potential).
Volatile pesticides can move by advection and diffusion in the soil-gas
phase in addition to the pore-water phase, and these provide additional
means to travel to an aquifer.

The transport and fate of pesticides in porous media (such as soil) and
the potential for pesticides to contaminate groundwater have been the
subjects of an enormous research effort. The initial paradigm for transport
of chemicals in porous media was based on assumptions that the porous
medium is homogeneous and that the rates of inter-phase mass transfer
and reaction are linear and essentially instantaneous. However, it is well
known that the subsurface is in fact heterogeneous, and that many phase
transfers and transformation reactions are not linear or instantaneous. In
addition, the transport of many contaminants is influenced by multiple
factors and processes (Brusseau 1994). The transport and fate of pesticides
in the subsurface are complex and generally difficult to predict accu-
rately.

An example of the complex behavior of chemicals in soil is the long-
term persistence observed in many field studies. The results of several
studies have shown that chemicals, including pesticides, that have been
in contact with soil for long times are much more resistant to desorption,
extraction, and degradation. For example, contaminated samples taken
from field sites exhibit solid:aqueous distribution ratios that are much
larger than those actually measured or estimated on the basis of spiking
the porous media with the same contaminant (adding contaminant to an
uncontaminated sample) (Steinberg et al. 1987, Pignatello et al. 1990, Smith
et al. 1990, Scribner et al. 1992). In addition, the desorption rate coeffi-
cients determined for previously contaminated media collected from the
field are much smaller than those obtained from spiked samples
(Steinberg et al. 1987, Connaughton et al. 1993). The confounding aspect
of those results is that they are often observed for chemicals that would
not necessarily be expected to exhibit substantial persistence, because
they are, for example, volatile or readily degradable. The mechanisms for
such behavior are unclear and are the subject of current investigation.
Additional information on the transport and fate of pesticides in soil and
groundwater can be found in several books (Sawhney and Brown 1989,
Cheng 1990, Linn et al. 1993).

As discussed in a recent NRC (1994), it is difficult to remediate con-
taminated soil and groundwater. There are three general
approaches: control, removal, and in situ treatment. The purpose of con-
trol-based approaches, which include the use of well fields (hydrody-
namic control) and physical barriers (slurry walls), is to prevent further
migration of the contamination. The purpose of removal-based ap-
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proaches—which include excavation, the pump-and-treat method, and
soil-vapor extraction—is to remove the contamination from the subsur-
face. The purpose of in situ treatment, which includes in situ bio-
remediation and in situ chemical transformation, is to reduce or eliminate
the mass of the hazardous chemical in place. Any of those methods can be
successful for a specific site under specific circumstances. However, be-
cause of the complexity of the subsurface and the physiochemical nature
of many contaminants, the effectiveness of any remediation method will
be constrained in many cases. As a result, subsurface remediation is ex-
pensive, and there is no guarantee of complete success. Although ad-
vances in remediation and characterization technologies continue to be
made, it remains true that pollution prevention is much cheaper than
pollution remediation in the long term.

Pesticides enter the air by a variety of processes. Drift during applica-
tion can result in the entry of small aerosol particles and vapors into the
air and their movement downwind from the spraying operation. After
application is completed, additional residue can enter the air by volatil-
ization and wind erosion. The resulting residue, both particles and va-
pors, can travel downwind, where deposition can occur by the wet pro-
cesses of rainfall, snowfall, and fog coalescence washout or the dry
processes of vapor exchange with surfaces and fallout of particles. Degra-
dation can accompany the downwind processes, and the products of de-
composition can join the parent-chemical residue in further transport and
deposition.

Airborne pesticides can undergo long-range transport to remote envi-
ronments (Kurtz 1990). The presence of residues of organochlorine chemi-
cals in the earth’s polar regions, where they accumulate in the body fat of
Inuits and in seals and polar bears, is evidence of the operation of a “cold
condensation” mechanism that moves residues from temperate and tropi-
cal areas of use to colder regions (Wania and Mackay 1993). The finding of
current-use chemicals in the alpine and subalpine regions of the Sierra
Nevadas (owing to airborne movement from California’s farming val-
leys) (Zabik and Seiber 1993) and in the polar regions is a cause of con-
tinuing concern about long-range movement of pesticides.

There are several reasons to be concerned about airborne residues
(Seiber and Woodrow 1995). Airborne residues can represent a direct
hazard to humans, wildlife, and vegetation. The human hazard might be
most prominent for farm workers who apply chemicals or work in and
around treated fields. But people who live, work, or play downwind can
also be exposed. The recent hypothesis of possible endocrine system dis-
ruption by exposure to “background” chemicals has raised concern about
the potential of adverse population-level effects of ecosystem-scale con-
tamination, such as can be caused by airborne residues (Arnold et al.
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1996). Atmospheric residues might cause large-scale, long-term effects
that are only slowly reversible. The entry of methyl bromide, a fumigant
(see Box 2-1) into the stratosphere and its contribution to the depletion of
the earth’s protective ozone layer have resulted in the planned phaseout
of this chemical by the year 2001.

Generally, the dermal route of contact is much greater than the respi-
ratory route in occupational exposures and those immediately downwind.
But important exceptions occur for very volatile pesticides, particularly
fumigants, such as methyl bromide, ethylene oxide, and telone (Ecobichon
1991). For example, accidental deaths are reported each year that are due
to occupational and nonoccupational exposure to fumigants used in con-
fined spaces (Mehler et al. 1992). Downwind exposures of nontarget plants
and animals can also occur, with herbicide damage the most obvious
example. Downwind exposures can involve contact with airborne resi-
dues or with deposited residues in soil, vegetation, or water. Multimedia
exposures might be more important for plants and wildlife than for
people, although certainly people can be exposed unintentionally to de-
posited residues.

Atmospheric residues constitute a missing element in the chemical
mass balance of a pesticide. Residues that leave the target area in the air
pose an economic loss to the grower because they consist of chemical that
is no longer available for pest control. From a broader perspective, losses
to the atmosphere consist of mass that can no longer be accounted for or
controlled. Given the large losses to the air that occur in some cases of
pesticide use, it is difficult to convince an already wary public that pesti-
cides are safe when substantial portions leave the target zone and end up
where they are not needed or wanted. Few instances are known or re-
ported in which downwind airborne residues have resulted in measur-
able harm to people under normal agricultural pesticide-use conditions.
The use of application buffer zones and other restrictions on the use of
such chemicals as methyl bromide, which has a tendency to volatilize, or
paraquat, whose toxic action is on the lung, has minimized exposures
(Baker et al. 1996). But concerns still exist among downwind residents,
and these concerns are driving attitudes toward pesticide usage that can-
not be dismissed. It might become more important in the future to pay
special attention to ways to reduce off-target airborne loss of chemicals by
improving application efficiency, imposing additional environmental-use
conditions on applicaters, and encouraging the use of pesticides that ex-
perience minimal loss to the atmosphere (because of low vapor pressure,
effectiveness at low dosage, and rapid environmental degradation) (Seiber
and Woodrow 1998).

As discussed, the release and transport of pesticides in the environ-
ment are complex and can have many adverse effects. Thus, a question of
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BOX 2-1
Fumigants

Fumigants are a loosely defined group of pesticide active ingredients and
formulations that act through partial or sole distribution of the chemical and deliv-
ery to the target in the vapor form (Ware, 1983). Fumigants include chemicals
applied to the soil before harvest to control nematodes, insects, and undesirable
microorganisms (soil fumigants). They also include chemicals used after harvest to
control pests in harvested commodities before storage or transport to markets and
chemicals used to rid infested buildings of termites, cockroaches, and other pests.
Fumigation is a specialized use that has recently attracted unusual interest be-
cause of the visibility of some fumigation operations and the past contribution of
fumigants to human health and environmental problems.

Several fumigants have been withdrawn or banned, and several current fumi-
gants are undergoing reevaluation or phaseout. Dibromochloropropane (DBCP), a
soil nematicide, was widely used because it could be used after planting on numer-
ous fruit and vegetable crops susceptible to nematode root infestation. In 1977, it
was withdrawn after it was found to cause sterility in male workers exposed during
manufacture. Coming from areas of manufacture, formulation, and use, it was also
a contaminant in groundwater. Its registrations, except for use on pineapples in
Hawaii that was deemed essential for production, were canceled by EPA in 1979.
Ethylene dibromide (EDB) enjoyed widespread use as a preharvest soil fumigant
to control nematodes, eggs, and soil insects. EDB was a widely distributed ground-
water contaminant, partly because of its water solubility, method of use (injection
into soil followed by irrigation to improve penetration), high rate of use, and stabil-
ity. In one summary, wells in six states were reported to be contaminated with
EDB; this resulted in contamination of 520 wells (of 5,133 tested) above the health
advisory level for drinking water. Health concern resulted from positive carcino-
genic testing in experimental animals. The use of EDB was cancelled by EPA in
the early 1980s.

Methyl bromide is a highly effective preplant fumigant with wide use on high-
value crops—such as citrus, other fruit, and nut orchard crops; grapes; and straw-
berries—and in nurseries. After the cancellation of EDB and DBCP, it became the
fumigant of choice because of its effectiveness against a wide spectrum of pests,
including arthropods, nematodes, fungi, bacteria, and weeds (Noling, 1997). Meth-
yl bromide is an effective postharvest fumigant for stored nuts and other commod-
ities, and its use is required in some cases to circumvent quarantine of produce
that might, through shipping, transport pests into uninfested areas. It is also used
to fumigate structures; this use has resulted in a few fatal accidents when reentry
regulations were not followed after treatment with the chemical. Methyl bromide is
a gas at ambient conditions and leaves no organic residue in the treated soil or
commodity, because it breaks down to bromide and eventually carbon dioxide. But
methyl bromide is stable in the atmosphere, creating a potential for exposure
among workers and downwind residents and for diffusion to the stratosphere,
where its interaction with high-energy ultraviolet radiation sets off a series of reac-
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tions that lead to depletion of stratospheric ozone (Methyl Bromide Global Coali-
tion, 1992).

Because of its ozone-depleting potential, methyl bromide is scheduled for
phaseout in the United States by the year 2001 as a consequence of rules in the
1990 Clean Air Act Amendments and Montreal Protocol agreements (Honagona-
halli and Seiber, 1997). In 1993, nearly 15 million pounds of methyl bromide were
used in California (California Environmental Protection Agency, 1994), partly be-
cause of the unusually high application rate—up to 500 lb/acre in some preplant
uses.

There is some anxiety regarding the availability or suitability of alternatives to
methyl bromide if the scheduled phaseout occurs. Current registered alternatives
are 1,3-D (1,3-dichloropropane, Telone II) and metam sodium, which generates
the active fumigant methylisothiocyanate when the parent chemical breaks down
in soil or water. Telone was placed in the reregistration and special-processes
review by EPA in 1986; this requires EPA to conduct a risk–benefit analysis lead-
ing to a regulatory decision (Roby and Melichar, 1996). Telone was also suspend-
ed by the California Department of Pesticide Regulation (DPR) in 1990 after air
monitoring showed residues above the state’s acceptable air concentration limit
around fumigated fields in California’s San Joaquin Valley. The suspension was
lifted in 1994 on the basis of changes in application practice and additional moni-
toring studies conducted by the registrant and further review by DPR.

MITC received adverse publicity after a 1991 spill of metam sodium in the
Sacramento River that caused widespread intoxication of fish and other aquatic
organisms and loss of vegetation. But metam sodium registration continues, and
the product is finding expanding markets as the regulatory status of methyl bro-
mide and Telone remains in some question. Another alternative is chloropicrin,
which is often used as an odorant or residual pesticide in combination with methyl
bromide and other mainstream fumigants. Other fumigants include phosphine,
which is released from aluminum and other phosphide salts for control of rodents
and other vertebrate pests, and sulfuryl fluoride (Vikane). Nonfumigant pesticides,
such as carbofuran and methomyl, can be substituted for fumigants in some soil
pest-control situations. Nonsynthetic alternatives to fumigants are also receiving
increasing attention. These include solar heating and natural nematicide chemi-
cals present in some plants in the case of soil fumigation and controlled atmo-
spheres and heating in the case of postharvest and building-space fumigation.

The fumigant situation is a highly visible, somewhat controversial dilemma
that faces conventional pesticides on many fronts. Long-standing, well-accepted
chemicals can come under increasing scrutiny as a result of some adverse charac-
teristic (chronic toxicity in experimental animals, groundwater contamination,
stratospheric ozone depletion) or changes in federal or state regulations. Regis-
trants conduct additional studies to preserve registration of their products. Agricul-
turists worry about whether loss of productivity will result if particular pesticides are
no longer available. Some in the public sector call for swift action in removing or
restricting offending chemicals. And researchers go back to the drawing board to
devise new solutions to pest problems.
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critical concern is, to what extent have pesticides contaminated the envi-
ronment? One way to address the question is to examine the occurrence
of pesticides in surface water, groundwater, and air. An analysis of such
occurrences in the United States has recently been reported under the
auspices of the National Water-Quality Assessment Program of the US
Geological Survey (USGS) (Majewski and Capel 1995, Barbash and Resek
1996, Larson et al. 1997). The reports compile and synthesize the many
occurrence studies that have been conducted in the United States. In addi-
tion, the results of a recent data-collection program for groundwater con-
ducted by USGS have been reported (Kolpin et al. 1998). The results from
the latter study are used below to illustrate the occurrence of pesticides in
the environment.

To examine pesticide occurrence in groundwater, samples were col-
lected from recently recharged groundwater (generally less than 10 years
old) in 41 land-use areas scattered throughout the United States. As re-
ported in Kolpin et al. (1998), pesticides were detected at 54.4% of the
1034 sampling sites. Many pesticides were found; 39 of the 46 that were
looked for were detected. Pesticide concentrations were generally low;
more than 95% of the detected concentrations were less than 1 µg/L.
Maximal contaminant concentrations developed by EPA for drinking
water, which have been established for 25 of the 46 pesticides, were ex-
ceeded for only one pesticide at a single location. Pesticides were detected
in both agricultural (56.4%) and urban (46.6%) locations.

Those results indicate that pesticides are widespread in shallow
groundwater. As noted in Larson et al. (1997), they are also widespread in
surface waters. The potential impact on human health is uncertain, given
the relatively low concentrations and the lack of understanding of the
impact of low concentrations on human health. In addition, more than
one pesticide is often found at a site. For example, two or more pesticides
were detected in shallow groundwater at 73% of the sites where pesti-
cides were detected (Kolpin et al. 1998). The impact of chemical mixtures
on human health is unclear. The widespread detection of pesticides in
urban areas illustrates the fact that pesticide use and its associated prob-
lems are not confined to agricultural applications. Clearly, strategies for
minimizing the impact of pesticides on human health and the environ-
ment will be successful only if all uses of pesticides are considered.

Ecological Problems: Impacts on Nontarget Organisms

The basic intent in the design of pesticides is to produce substances
that are highly toxic to pest species, but much less toxic to the nonpest
species so that there can be a useful margin of safety. The toxicity to each
species is related to the characteristics of the substance and to the dose
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absorbed by the organism. There appear to be no substances that are
nontoxic to all species regardless of dose.

Because the status of any particular organism as a pest depends not
on its taxonomy or physiology, but rather on whether its ecological role
brings it into conflict with humans, it is to be expected that pest species
often share many biochemical pathways, physiological functions, ana-
tomical features and life history attributes with nontarget species. There-
fore, it should be obvious that it is difficult to design pesticides that ex-
hibit ample margins of safety with respect to all nontarget species. Given
the large number of potential pest species and the plethora of commercial
and nontarget species, it is also very rare to have pesticides available
containing the desired specific activity against target pests.

However, degrees of specificity are readily apparent. Specificity var-
ies with likelihood of encounter or exposure. A general difference be-
tween humans and insects, for example, is that insects are much smaller.
The basic body plans of animals can be summarized as a collection of
spheres and cylinders whose surface areas increase according to the
squares of the applicable radii, and whose volumes increase according to
the cubes of the same radii. That translates into disproportionately greater
surface area in relation to body volume or mass as organisms become
smaller. The ratio of surface area to body mass in insects relative to their
body mass can easily be 100 times the ration in humans and common
domestic animals. That has the direct effect of proportionally increased
absorption rates in case of the insects. The combination of rapid absorp-
tion rate and small volume into which the pesticides are being absorbed
results in a rapid attainment of the maximal concentration (or dose). Ease
of absorption associated with proportionately large surface areas is also
exploited in the case of pesticides used with other arthropods (acaricides,
nematicides, and so on). The comparatively large surface area of plant
leaves has also been used with some herbicides to provide selectivity
against broad-leaved plants.

Probability of exposure notwithstanding, perhaps the most important
consideration in determining the probability of nontarget effects is the
degree of biochemical or physiological similarity to the target species.
Nontarget effects of broad-spectrum pesticides are thus to be expected;
these compounds are aimed at target sites that are widely distributed
among organisms. The degree of risk often correlates highly with the
degree of resemblance to the target pest. There is ample documentation of
the nontarget effects of the early chlorinated hydrocarbon insecticides on
nontarget insects; the phenomena of secondary pest problems and pest
resurgence are attributable in large part to the greater toxicity of these
insecticides to arthropod natural enemies than to arthropod target spe-
cies. However, pesticides with even narrower modes of action can have
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nontarget effects that reflect degree of similarity. Insecticides that act as
chitin-synthesis inhibitors have historically caused problems among
aquatic crustaceans, which as arthropods synthesize chitin for exoskel-
eton production, when residues contaminate watersheds.

Shifts to more narrow-spectrum compounds administered at lower
rates were motivated partly by the desire to reduce nontarget effects;
reducing environmental persistence also contributes to reducing the like-
lihood of encounter by nontargets. However, according to some sources
(Benbrook 1996), these shifts might not have reduced nontarget effects as
much as intended. Croft (1990) summarized data on the impact of 400
pesticide active ingredients on over 600 species of beneficial arthropods.
His basic finding, as might have been predicted, was that insecticides
have greater impacts than either herbicides or fungicides. However, cal-
culation of selectivity ratio (the ratio of LD 50 for target species to LD 50
for nontarget species) suggested that toxicity to nontarget arthropods,
partly because of the toxicity of synthetic pyrethroids, has increased
(Benbrook 1996), although statistical analysis of such data presents
challenges.

A major concern historically about the use of insecticides has been
nontarget effects on vertebrates. Organophosphates and pyrethroids con-
tinue to present toxicity problems in fish and have been associated with
major fish kills on several occasion after aerial spraying. Data compiled
by the US Fish and Wildlife Service (Mayer and Ellersieck 1986) on over
400 chemicals suggest that sensitivity varies with species, age, and water
temperature. Concerns also exist about nontarget effects on terrestrial
vertebrates; indeed, food-chain effects culminating in reproductive fail-
ures in birds contributed substantially to raising public awareness and
activism with respect to pesticide regulations (for example, Carson 1962).
Many of the chlorinated hydrocarbon pesticides exhibited very high lipid
solubility. Consequently, they were readily absorbed, bioconcentrated,
and biomagnified, especially in food webs that terminated with top preda-
tors (Peterle 1991). That exposure altered calcium disposition, especially
in some species of predatory birds, which led to reproductive failure due
to the thinning and breaking of the eggshells (Cramp 1963) and to serious
declines in populations, especially of peregrine falcons, ospreys, and
brown pelicans. Since the banning of DDT, most of the predatory-bird
populations have recovered substantially (Peterle 1991, Robbins et al.
1986, Greig-Smith 1994).

Although many of the older compounds with such properties have
been banned, organophosphates and carbamates still in use have been
implicated in nontarget effects on songbirds, waterfowl, and game birds.
Indirect effects on terrestrial birds and mammals have been documented;
insecticide use can reduce cover and prey abundance and thus lead to
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greater mortality (Blus and Henry 1997). Also recorded are secondary and
tertiary poisonings resulting from ingestion of contaminated bird prey by
raptors and other birds of prey.

Developing pesticides with specific modes of action has been given a
high priority to reduce nontarget effects. Very high degrees of specificity
in the control of some animal pests can be gained through such tech-
niques as the use of specific pathogens, sterile-male techniques, and the
use of species-specific pheromone blends, although the utility of these
approaches depends on the availability of specific pathogens and the
appropriateness of the mating habits of the pest species. However, unex-
pected nontarget effects have arisen even when metabolic resemblances
seemed unlikely. A number of herbicides derive their potency against
plants from their ability to inhibit photosynthesis. That generally affords
a greater margin of safety toward animals. The phenoxy acetic acid herbi-
cides 2,4-D (2,4-dichlorophenoxy acetic acid), 2,4,5-T (2,4,5-trichloro-
phenoxy acetic acid), and Silvex (2,4,5-trichlorophenoxy propionic acid)
are specific to broad-leaved plants and woody plants by mimicking plant
growth hormones. The trichloro compounds were removed from the mar-
ket because they could not be produced without the highly toxic dioxin or
TCDD as an impurity (Leung and Paustenbach 1989). Indeed, many of the
pesticides with putative endocrine-disrupting effects in humans are her-
bicides or fungicides (Clement and Colborn 1992), and some herbicides
might have unexpected toxic effects by virtue of their ability to inhibit
detoxification enzyme systems (Benbrook 1996).

Specificity is not always the goal of pest management. It is often
desirable to remove all plants from a particular plot. Such intentionally
nonspecific applications make use of fundamental biochemical processes,
but are still subject to the surface area-volume limitations. The herbicides
2,4-dinitrophenol and 2,4-dinitro-o-cresol inhibit the organic phosphory-
lation of adenosine diphosphate to adenosine triphosphate, which is cen-
trally important in all higher plants and animals. Consequently, those
two herbicides have been widely used to clear rights of way, and they
have had to be used with caution by the applicater, who is also suscep-
tible to the inhibition of organic phosphorylation.

The application of pesticides results in indirect effects on ecosystems
by reducing local biodiversity and by changing the flow of energy and
nutrients as the biomasses attributable to individual species are altered.
Numerous studies have shown that pesticides decrease crop loss, but the
potential indirect environmental impacts of pesticides have not been
widely studied. An ecological perspective of pesticide effects include di-
rect and indirect effects on all associated organisms, not just the pests in
question. Thus, ecosystem impacts of pesticides can include effects on
human health, domestic and wild animal response, effect on natural en-
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emies of pests, crop pollinators and honey bee response (Buchmann and
Nabhan 1996), and soil microorganism community response. Domestic
and nontarget wild animals can be poisoned by direct contact with pesti-
cides (particularly rodenticides) and by feeding on contaminated pests
(Barton and Oehme 1981, Beasley and Trammel 1989). Deleterious effects
of pesticides on wild birds include death from direct exposure or from
eating contaminated prey (Flickinger et al. 1991, Stone and Gradoni 1985,
White et al. 1982).

Indirect effects come about as a result of alterations by pesticides in
ecosystem trophic dynamics. Birds, for example, experience reduced sur-
vival, growth and reproductive rates, and habitat through elimination of
food sources and refuges (McEwen and Stephenson 1979, Potts 1986). It
has been suggested that native wild bird populations or communities can
be good indicators of ecosystem integrity because they tend to be sensi-
tive to vegetation structural changes and disruption of food webs over
several trophic levels (Blus and Henery 1997, Fry et al. 1986, Landres et al.
1988). Many birds feed on diverse insects, particularly at early develop-
mental stages, and on a wide array of seeds as they mature (Ehrlich et al.
1988). Further research on bird population responses to pesticides and as
ecosystem- integrity indicators may be warranted.

Weed species shifts can result from intensive and consistent use of
herbicides. In this case, herbicides cause local extinction of some weed
species and thus leave an ecological niche for species that have greater
tolerance of, can avoid, or are resistant to the herbicide. Fryer (1982)
showed that the frequency of many broadleaf weed species in cereal pro-
duction fields of Great Britain declined and the grass weeds (such as
Avena fatua and Alopecurus myosuroides) increased as a result of 40 years of
routine use of the selective broadleaf herbicide 2,4-D. Weeds that are
taxonomically closely related to the crop are often selected because of
common physiology and therefore similar response to a herbicide. Weeds
in the Solanaceae family are common in potato and tomato crops (same
family) in which trifluralin is commonly used as a selective herbicide.
Most solanaceous weeds are tolerant of trifluralin.

Pesticide effects on nontarget beneficial organisms have not been ex-
tensively studied for most agricultural systems. However, in agroeco-
systems where some studies have been conducted, maintenance of crop
monocultures with pesticides has created simplified plant and insect com-
munities dominated by a few pests (Ryszkowski et al. 1993). Several stud-
ies have shown that as structural diversity is increased with intercrop-
ping or weeds, the diversity of pest and beneficial insects increases, but
damage by insect pests is generally reduced (Altieri et al. 1978, Dempster
1969, Dempster and Coaker 1974, Perrin 1977, Foster and Ruesink 1984,
Risch et al. 1983, Tahvanainen and Root 1972, Van Emden 1990). There is
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some evidence biological control of insect pests can be maximized by
increasing the availability of alternate hosts such as weeds (Debach and
Rosen 1991, Van Emden 1965, vanEmden 1990, Powell 1986, Rabb et al.
1976). Fungicides could contribute to weed or insect outbreaks by reduc-
ing natural pathogenic fungi on these pests (Johnson et al. 1976).

Honey bees and wild bees are important as pollinators in many crops
(Robinson et al. 1989), as well as for production of honey. Yearly costs of
direct honey bee losses and of yield reductions resulting from reduced
pollination in response to off-target response to insecticides are high
(Pimentel et al. 1992). In addition, weed control by herbicides can have
negative effects on pollinators by selectively removing important nectar
sources.

Microorganisms and invertebrates play an important role in biogeo-
chemical cycling of carbon, energy, water and nutrients essential for crop
growth. Maintenance of these cycles is critical for ecosystem integrity
(Brock and Madigan 1988). Pesticides can disrupt these processes with
even sublethal effects on the microorganisms. Little is known about the
dynamics of soil microorganism communities and their response to pesti-
cides. The potential for disruption—though interference with mycorrhizal
associations, nutrient uptake, or susceptibility to disease—is great (see
references cited in Benbrook 1996).

PUBLIC PERCEPTION OF PESTICIDES

It is widely believed by the US public that pesticides pose substantial
dangers to the population at large through residues on foods and ground-
water contamination, to farmworkers through occupational exposure, and
to wildlife and the environment. Numerous surveys conducted in 1984–
1990 scattered across the United States showed that most Americans had
serious concerns about pesticide residues on foods (Sachs et al. 1987; Jolly
et al. 1989, Food Marketing Institute 1989, Porter Novelli 1990, Dunlap
and Beus 1992, Weaver et al. 1992). The concern might have diminished
since then. A national poll conducted in 1994 found that about 35% of
Americans believed that pesticides were very dangerous for themselves
and 38% believed that pesticides were very dangerous for the environ-
ment (National Opinion Research Center 1994)—about half the percent-
ages reporting such concerns only a few years earlier.

Whether scientifically valid or not, public perception of pesticide risks
has an important effect on the development of pesticide regulations and
on food purchases (Jolly 1991, Bruhn et al. 1992). According to a report
sponsored by the Council for Agricultural Science and Technology (van
Ravenswaay 1995), research on public perception of pesticide risks “is in
its infancy, and more research is needed to develop valid and reliable
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theories, methods, and conclusions about public perception of
agrichemicals and other agricultural technologies.” Although there are
important limitations to available research results, existing studies offer
useful insights into both the perceptions themselves and ways to improve
research on public perception.

A number of studies have emphasized the great diversity in percep-
tion of pesticide risk among segments of the US population (for example,
Jolly 1991, Baker and Crosbie 1993, van Ravenswaay and Hoehn 1991a).
Van Ravenswaay and Hoehn (1991a) found that about 25% of over 900
participants in a nationwide survey felt that there was a 1% or greater
chance that someone in their household would “have health problems
someday because of the current level of pesticide residues on their food”;
4.4% of the participants felt that such residue-related health problems
were certain to occur. In contrast, almost 25% of the participants felt that
the chance of such health problems was less than 0.0001%, and 4.1%
thought that there was “no chance” of such problems. People seem to
vary widely in their assessment of how harmful pesticide residues are for
their health. However, the diverse responses could also reflect differences
in how people in the survey defined “health problems”.

A survey of households in Seattle, Washington, and Kobe, Japan
(Jussaume and Judson 1992), assessed the affect of household characteris-
tics on concern about food safety. In general, the Kobe households were
more concerned about food safety than the Seattle households. House-
holds with children under 18 years old and households with incomes
below $50,000 per year (10,000,000 Yen) were less likely to trust the safety
of government-inspected foods. Other studies have found a negative rela-
tionship or no relationship between education and concerns about pesti-
cides (Misra et al. 1991, Dunlap and Beus 1992). Jussaume and Judson
(1992) found that households in which more vegetables were consumed
were more concerned about food safety and had less trust in government,
business and farmers than other segments of the sample.

It is difficult to compare results of those studies because they sampled
different geographic areas and presented different questions (or posed
similar questions in a different way). Sachs et al. (1987) tried to address
that problem in assessing whether public concern about pesticide use had
increased between the 1960s and the 1980s. They essentially replicated a
study of Bealer and Willits (1968) conducted 19 years earlier. The results
indicated that in 1965 94% of the public felt that the “government ad-
equately regulates chemical use in or on food.” In 1984, only 48.9% of
respondents agreed with that statement. Other measures of risk posed by
pesticide residues also increased dramatically.

Instead of simply documenting the level of concern about pesticide
risks by direct inquiry, a few surveys were designed to incorporate a
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method called “contingent valuation” to assess how much a consumer is
willing to pay for implementation of measures that could decrease the
risks posed by pesticide residues on food. A commonly used measure of
potential consumer response is the impact of concerns on demand—in
this case, the extent to which the presence of residues affects the unit price
that consumers are willing to pay for any given quantity purchased. If the
value of avoiding residues is large, consumers should be willing to pay a
substantial premium for produce that is free of residues. A number of
studies conducted in 1988–1990 attempted to estimate the consumers’
willingness to pay for produce certified to be free of pesticide (Gallup
1989, Ott 1990, Misra et al. 1991, Weaver et al. 1992). In those studies,
respondents who reported being willing to pay much more for such pro-
duce were asked to choose which percentage markup represented the
most extra that they would be willing to pay. This approach does not
replicate an actual choice situation; that is, respondents knew their an-
swer would have no direct financial consequences, such as actually pay-
ing more. Survey formats of this kind tend to generate excessively high
reports of willingness to pay. Even so, few consumers reported being
willing to pay more than 5% extra more for certified residue-free produce.
Even fewer reported being willing to buy certified residue-free produce
that had lower cosmetic quality or more surface defects. Misra et al. (1991)
found that 56% of their respondents felt that fresh produce should be
tested and certified as free of pesticide residue. When respondents were
asked whether they were willing to pay extra for residue-free foods, 46%
said “yes” and 26% said “no”. Of those who said “yes”, only 14% were
willing to pay more than 10% extra, and only 1% were willing to pay more
than 20% extra. In another study, which surveyed people visiting food
stores that sold both organic and conventional produce, Jolly (1991) found
that people who had purchased organic produce at least once in 3 months
were willing to pay, on the average, an extra 37%, 40%, 61%, and 68%,
respectively, for organic apples, broccoli, peaches, and carrots. The typi-
cal premiums on organic produce are higher than those percentages and
in part explain the small market for such produce. Only 3.1% of consum-
ers in the Jolly study who had purchased organic produce in the preced-
ing 3 months were willing to buy organic apples when the premium was
147%.

Van Ravenswaay and Hoehn (1991b) used market data from the New
York City area in assessing how much consumers would have been will-
ing to pay to expedite removal of Alar from agricultural use. They esti-
mated that New Yorkers would have been willing to pay an extra 30% for
apples to avoid perceived risks associated with Alar in 1989. In nation-
wide household surveys by the same authors (van Ravenswaay and
Hoehn 1991b, c), the general public was willing to pay 23.6 cents per
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pound extra for apples with no detectable pesticide residues and 37.5
cents per pound extra for apples with absolutely no pesticide residue; (the
normal cost of apples was 79 cents per pound. Of special interest was the
fact that respondents who considered pesticide residues to pose “high
risk” were willing to pay only 1 cent more per pound than the average
respondent. Results of a separate study by Yarborough and Yarborough
(1985, cited in Goldman and Clancy 1991) also found that the relationship
between a person’s “pesticide concern” and altered purchasing patterns
was weak.

Decreased pesticide use might be accompanied by increased cosmetic
damage to produce. Brunn (1990) examined consumer response to such
cosmetic damage by showing photographs of oranges to shoppers in the
Los Angeles and San Francisco areas. Shoppers were shown photographs
of oranges with 0%, 10%, and 20% damage by thrips. The shoppers indi-
cated that they would be willing to buy the oranges with the 10% and 20%
scarring if the prices were 88% and 78% of the price of unblemished
oranges. When shoppers were told that the blemished oranges were
grown with 50% less pesticide, most of them said that they preferred the
blemished over the nonblemished oranges; 63% preferred 10% scarred
oranges and 58% preferred 20% scarred over the nonblemished oranges.

Baker and Crosbie (1993) criticized the contingent-valuation method
used in many of those studies because it assesses only one variable and
includes all consumers in each estimate. They used a technique called
conjoint analysis on a small sample of shoppers at two San Jose, Califor-
nia supermarkets in 1992 to establish consumer groups that differ in be-
havior. In their analysis, they were able to examine the tradeoff between
decreased pesticide use and increased pest damage. Their results indi-
cated, for example, that, if a program banning carcinogens raised the
price of produce by 20 cents per pound, the publicly acceptable increase
in pest damage due to the ban could not exceed 14%. Cluster analysis
indicated that the shoppers could be divided into three groups. About
30% cared about price and quality, but not pesticide residue. A majority,
55%, cared about price and quality and whether the produce met govern-
ment standards for residue. The remainder, about 15%, wanted stricter
government regulation of pesticide use on the farm.

Most of the data on health effects of pesticides are focused on carcino-
genicity. Surveys of public opinion indicate that consumers are concerned
about pesticide residue because of fear of cancer, but the public attitude
toward pesticide residue is shaped by a much broader array of factors.
Other health factors such as allergies and nervous system disorders, are
of concern (van Ravenswaay 1995); but a number of studies indicated that
consumers who were concerned with pesticide residue associated it with
environmental problems (Hammitt 1986, Higley and Wintersteen 1992).

It is important that scientists, policy makers, and companies gain a
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realistic understanding of public attitudes toward pesticides and of the
public actions that are likely to result from these attitudes. Van
Ravenswaay (1995) and others (such as Baker and Crosbie 1993, Jussaume
and Judson 1992) have been critical of the state of research in public
perception of pesticides. Van Ravenswaay (1995) concludes that there is
an immediate need for more basic research that includes development of
valid and reliable theories and methods for quantitatively assessing pub-
lic concerns. There is also a need for basic research that will improve
communication channels between scientists, policy- makers, and the
public.

One possible reason for the apparent low willingness to pay for resi-
due-free produce is that high levels of concern about residue did not
necessarily indicate belief in immediate individual danger. For example,
one study found that while 72% of respondents believed pesticides in
food to be a major health risk but only 47% believed that pesticides made
the US food supply unsafe (Dunlap and Beus 1992).

Some have argued that the growth of organic-food sales is an indica-
tion of the public’s willingness to pay to avoid both residue on foods and
environmental problems associated with the use of pesticides in food
production. According to data published by the Natural Foods Merchan-
diser (1997), organic-food sales have seen an annual growth rate of ap-
proximately 21% between 1980 and 1996. Organic-food sales have risen
far faster than total food sales, which were only a little over twice as large
in nominal terms in 1996 as in 1980. Prices of organic produce average 25-
35% higher than prices of comparable conventional produce (Hammitt
1986, Morgan and Barbour 1991); purchasers of organic foods seem will-
ing to pay a substantial premium for them. However, concerns about
pesticides constitute only part of the motivation for buying organic foods.
Most purchasers of organic foods believe that they are more nutritious
and flavorful than conventionally grown foods (Hammit 1986, Jolly et al.
1989), and certification as residue-free is not the sole criterion of demand
for organic produce.

The Hartman Report (Hartman Group 1996), phases I and II, summa-
rizes an extensive survey of 1,800 consumers to assess attitudes toward
food and the environment. Some key points follow.

• Concern for the environment is vague and diffuse. About 71 % of
survey respondents indicate interest in purchasing earth-sustainable gro-
cery products; this percentage drops to 46% if there is a premium on the
price of products.

• Concerns about water pollution are greater than concerns about
chemical residues in food; 40–50% of those surveyed were knowledgeable
about groundwater issues.

• About 68 % of those surveyed indicate a preference for the substi-
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tution of naturally occurring substances or organic methods for synthetic
pesticides.

• Consumers are more likely to buy food products with many envi-
ronmental benefits than with just a single environmental benefit.

• Environmental claims certified by a third party, such as a govern-
ment agency, are stronger than claims of a grocer or manufacturer.

• Consumers would not prefer to purchase products labeled “IPM”
(integrated pest management) unless the label indicated that the product was
produced with less pesticide; about 50% of consumers surveyed would be
motivated to buy food produced with IPM methods (reduced chemical
pesticides); this fraction increases to more than 60% if IPM is used with
pesticide reduction in combination with such other practices as soil and
water conservation.

At an increasing rate, consumers in Europe, Asia, and United States,
are objecting to genetically modified foods. Consumers are demanding
the right to know if their food purchases originate in genetically modified
organisms (GMOs). In Europe, where the attacks on GMOs are the most
extreme (Gaskell et al. 1999), experimental field plots containing geneti-
cally modified crops have been destroyed by anti-GMO activists. Major
food retailers (such as Tesco, Marks and Spencer, and Salisbury) are re-
sponding and have chosen not to sell GMO foods. Major grain processors
in the United States (such as ADM and Cargill), fearing refusal of their
GMO grain at European ports, are shipping only non-GMO grain. How-
ever, a recent study (CGIAR, 2000) does suggest that, despite current
levels of concerns, biotechnology is expected to play a major role in en-
hancing food security in developing nations. Furthermore, recommenda-
tions to strengthen regulations surrounding GMO products (NRC, 2000)
will probably assuage public concerns about the safety of these products.
Policy-makers and nongovernment groups expect the GMO issue to con-
tinue to be a key issue in global trade negotiations (Helmuth, 2000).

To the extent that concern about pesticide residue does influence or-
ganic food-purchases, it is limited to a small segment of the population.
Despite its rapid growth, organic-food demand makes up a miniscule
share of total food demand. In 1996, for example, organic food sales were
$3.5 billion, only 0.46% of total food expenditures of $756.1 billion (Natu-
ral Foods Merchandiser 1997, Council of Economic Advisers 1998). That
share is consistent with the finding that relatively few consumers are
willing to pay a large premium for residue-free produce.

Although there has been some moderation in attitudes, public per-
ceptions of pesticides today are overwhelmingly negative relative to atti-
tudes toward many other classes of chemicals. According to Petty (1995),
attitudes toward pesticides are “more negative than attitudes toward
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other potentially ‘unsafe’ substances” for several reasons. Unlike other
potentially dangerous components of the diet, such as saturated fats and
excess salt, pesticide residues offered no tangible positive consequences
for consumers. That pesticide use might play a role in producing blemish-
free fruits and vegetables is not readily apparent to a population that is
increasingly removed from agriculture. Whereas in 1900, 80% of the US
public was involved in food production, the percentage has shrunk to less
than 2% in 1990. Moreover, the amelioration of pesticides as a risk factor
is perceived as a responsibility beyond that of the individual; responsibil-
ity for correction lies with producers rather than consumers (in contrast
with other forms of risky substances in the diet).

In urban settings, pesticides remain a source of concern. A telephone
survey conducted in Kentucky in 1994 (Potter and Bessin, 1998) revealed
that, although a substantial majority of respondents (over 90%) were con-
cerned about the presence of insects in their homes the same respondents
were collectively (77%) either very or somewhat concerned about pesti-
cide use in their homes. Those respondents also were very to somewhat
concerned about pesticide use in workplaces (about 73%) and in their
children’s schools (about 87%). Those concerns were expressed by re-
spondents independently of their socioeconomic level. As to the nature of
the concerns, close to two-thirds of respondents who had opinions ex-
pressed the belief that pesticides can cause cancer. A similar majority
expressed a preference for biologically based alternatives to chemicals if
such were available, on the basis of a belief that these products are “safer”;
and 82.8% indicated willingness to pay more for pest-control operators
who use less pesticide. Surprisingly, 98.6% of respondents could not de-
fine the meaning of “IPM”, the pest-management philosophy that has
prevailed in the field for close to 4 decades. Over 96% could not define the
philosophy even after the abbreviation was identified. Such overwhelm-
ing majorities indicate that efforts on the part of the EPA, USDA, and
FDA to educate consumers and promote acceptance of IPM approaches
have not been particularly effective (Potter and Bessin, 1998).

Another factor influencing public attitudes toward pesticides is per-
ceptions of the reliability of information providers. In general, informa-
tion derived from sources that stand to benefit from dissemination of that
information is perceived as less trustworthy than information derived
from sources that enjoy no apparent benefit from dissemination. Thus,
information from proponents of pesticide use—chemical companies and
food growers and distributors—is perceived as less trustworthy. Another
potential factor in public perception is the accessibility of the information
provided from different sources and the accessibility of that information
to a general public with little science education (Augustine 1998).
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Economic and Regulatory Changes and
the Future of Pest Management

The process of producing food and fiber is inherently a biological one,
but it is conducted in an economic and sociological context. The socioeco-
nomic environment in which US agriculture is placed has undergone
considerable changes in the last few decades. The changes reflect trends
that extend well beyond agriculture and include globalization of trade in
general, increasing industrialization, and emergence of a knowledge
economy. Reflecting the changing socioeconomic standards are changes
in the regulatory environment in which the agriculture enterprise must
function. This chapter examines recent economic, institutional, social, and
regulatory developments in the United States and evaluates their impact
on pesticide use in agriculture.

ECONOMIC AND INSTITUTIONAL DEVELOPMENTS AND
THEIR IMPACTS ON PEST CONTROL

Over the last 2 decades, both the agricultural and general economies
have undergone several major changes that affect and will continue to
affect the way pesticides are used and pests are controlled. The changes
include globalization, industrialization, decentralization and privatiza-
tion, growth of the “knowledge economy”, and growth of the organic
food market.
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Globalization of World Food Markets

Several policies have contributed to a reduction in trade barriers be-
tween nations and to expansion of export and import opportunities for
producers and consumers in agriculture and manufacturing:

• Several rounds of General Agreement on Tariffs and Trade (GATT)
negotiations led to a reduction in tariffs and a goal of a phaseout of subsi-
dization and protection of many segments of agriculture.

• Regional “free trade” blocs have been established throughout the
world and are constantly expanding. The European Union is the most
long-lasting and successful example. The North American Free Trade
Agreement (NAFTA) established another major trade bloc which includes
the United States, Mexico, and Canada and is expected to be expanded to
include Chile and other Latin, Central, and South American countries as
well.

• The demise of communism in central and eastern Europe and the
more open trade policies in China have substantially expanded the vol-
ume of trade among the previous communist world nations and the
United States and other democracies.

• Developing countries in South America, Asia, and Africa
have gradually abandoned protectionist strategies. They now tend to
reduce tariffs and enable expanded foreign trade and investment in their
economies.

Globalization and reduction of trade barriers increase competitive
pressures and provide extra incentives to reduce costs and increase yields.
They increase the demand for more effective and efficient pest protection
and pest-control products. They also increase competitiveness in pest-
control markets and can lead to expansion of facilities and markets for
suppliers of superior pest-control products.

Recent developments have reduced but not eliminated barriers to
international trade. Countries and regions have a wide array of legislative
tools (including environmental and agricultural policies) that discrimi-
nate against foreign suppliers. The volume of international trade in agri-
culture depends on the capacity to recognize and meet the needs of for-
eign markets and on the economic well-being of the buyers. US exports to
Japan might be hampered by product quality and design limitations. The
recent economic slowdown in Asian markets led to a slowdown in US
food exports to some of these countries.

Countries are still able to maintain their own separate environmental-
and health-protection regulations even in the era of freer trade. Thus,
Canada and Japan have had stricter pesticide-residue regulations than
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the United States, and food-quality requirements set by European nations
present substantial obstacles for exporters from North Africa, the Middle
East, and Eastern Europe (OECD 1997). Food-safety and other chemical-
use regulations in target markets have affected chemical use in the United
States by growers who export to these nations (Zilberman et al. 1994).
Much the same applies to genetically modified organisms (GMOs) or
their products.

The recognition that environmental and health regulations can be
used as trade barriers has generated efforts to harmonize them and to
reach a more uniform set of principles for pesticide use and environmen-
tal regulation in agriculture. Analyses of future roles of pesticides have to
take a global perspective and be viewed within a context of increasingly
harmonized sets of environmental regulations. Furthermore, the less ad-
vanced analytical capacity and expertise of some foreign countries have
led to reliance on American regulatory and scientific decisions and knowl-
edge in establishing pest-control policies abroad. Increased international
coordination of regulations is likely to strengthen the interdependence of
regulatory processes between the United States and other countries.

The widespread introduction of GMOs into North American agricul-
ture has led to a change in attitudes and practice in this regard. Recent
meetings, including the UN International Biosafety Conference held in
Montreal, highlight the major policy disagreements among the 130 na-
tions participating. The export and import of GMOs are at the center of
these disagreements, and the precautionary approach—where the import
of genetically modified products can be banned simply as a precaution, in
the absence of scientific evidence that such products pose health or envi-
ronmental risks—is the primary issue of contention (Pollack, 2000).

The globalization process affects the economic markets for agricul-
tural chemicals. New chemicals and other pest-control technologies are
now developed largely according to their global market potential. The
pest-control solutions available to American farmers reflect the results of
research, development, and production efforts that take place on a global
basis. Thus, assessments of research strategies in the United States have to
recognize efforts that are made elsewhere. In setting research priorities
for the US Department of Agriculture (USDA) and other government
agencies, how they fit with efforts in other countries and where the US
national investment is more effective must be recognized, given a global
perspective on research efforts and assessment of what is done elsewhere.
Also there are growing tendencies to form research alliances between
nations to take advantage of increasing returns to scale in areas of relative
strengths. One noted example is the successful cooperation of the US-
Israeli Binational Agricultural Research and Development Fund (BARD)
(see Just et al. 1998). The net benefits of BARD research were estimated to
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be about twice the cost of the research program. The international food-
research centers, such as the International Rice Research Initiative and the
International Maize and Wheat Improvement Center are also major pro-
viders of knowledge; they generate technology useful mostly for develop-
ing countries, but there is still substantial spillover to the United States
and developed nations (Alston and Pardey 1996). Thus, the perspective
on research and development and on new products should be global and
take into account all the collaboration and partnerships in research.

Industrialization of Agriculture and Food Processing

The structure of US agriculture has undergone drastic changes over
the last 100 years. The industries that once employed more than 80% of
the populace now rely on less than 2% of the people to feed the US
economy and to export worldwide. Small family farms are increasingly
replaced by larger organizations that rely heavily on purchased inputs,
including labor inputs.

While the array of activities conducted on the farm has declined, the
agribusiness and food sectors that provide input and process agricultural
products have increased substantially. Tens of billions of dollars are spent
every year globally on pest-control products. The agrochemical industry
is closely linked to the petrochemical and pharmaceutical industries. It
markets its products to a wide network of wholesalers and dealers. Over
the years, the variety of products it provides has increased to include
management information, pest scouting, and consulting in addition to
raw materials. Modern agriculture has become knowledge-intensive, and
many or most of the larger companies employ PhD scientists to manage
their pest-control and irrigation activities, and a new set of professional
crop-management consultants has sprouted throughout the United States
(Wolf 1996).

The food-processing sector continues to increase the treatment and
manipulation of food products beyond the farm gate, and its share in
overall food revenues has increased. The industry has adjusted to changes
in consumer preferences and lifestyles. It augments its revenue by pro-
viding value-added products that include prepared meals (for such insti-
tutions as restaurants and hospitals), ready-to-cook meals, and a wide
variety of food products. Various companies—from small restaurants to
international giants, such as Unilever, Nestle’s, and Proctor and Gamble—
have specialized in assessing consumer needs and producing and market-
ing products to meet them. The result is an immense set of differentiated
food products, many of them with substantial brand recognition, and a
food sector that is several times larger than agriculture.

Agriculture has begun to adopt some of the characteristics that typify
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the agribusiness and food sectors. Some producers of fruits and vegetables
have begun to establish their own brand names, and producers of grains
are being paid according to the quality of their products. More products
are designed to meet specifications of retailers, and production and mar-
keting efforts are coordinated with some of the giant chains (especially in
fruits and vegetables). Industrialization is important in the livestock sec-
tor, especially in poultry. Such companies as Tyson Foods, Inc. have in-
creased the efficiency of processing and the array of poultry products.
Similar attempts are now being made to industrialize the production of
swine.

Two arrangements that typify much of industrialized farming are
vertical integration (in which one organization is responsible for a variety
of activities such as farming, processing, shipping, and marketing) and
contracting (in which the marketers and processors of agricultural com-
modities provide farmers with inputs, including genetic materials and
guidance about production processes and specification of the final prod-
uct). With contracting and vertical integration, some of the functions of
traditional farmers are changing. People who market the final products
are now making many of the decisions regarding input and chemical use.
Processors and marketers may also be held liable for some of the environ-
mental side effects of production.

Decentralization and Privatization

Globalization and the emergence of international governing organi-
zations with decision-making power over nations are accompanied by
processes that move in the opposite direction. National governments give
much decision-making and economic power to regional and state govern-
ments, and the power that was concentrated in national governments is
distributed among a wide array of organizations and infrastructure. The
power can be specialized and reflect various degrees of geographic focus.
Decentralization and privatization have many consequences, which can
affect the research, development, and practice of pest control.

One such consequence is the transfer of technology from the public to
the private sector. University knowledge has been transferred to the pri-
vate sector for many years and has played an important role in the devel-
opment of industries. For example, the Massachusetts Institute of Tech-
nology (MIT) has had an office of technology transfer for about 50 years,
and graduates and professors at MIT (and many other universities) have
developed important industries and economic projects. Over the last 20
years, the magnitude of technology transfer from the public to the private
sector has changed drastically. Nearly 100 offices of technology transfer
have emerged, and collectively they represent almost every major univer-
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sity. These offices and the processes that they manage have been crucial in
the evolution of biotechnology and will play an important role in the
future.

The impetus for establishing offices of technology transfer in many
major universities was the awareness that private companies do not take
full advantage of university innovations (Postlewait et al. 1993). This
“waste” of knowledge reduced the social value of university research and
led universities to develop institutions and arrangements to address the
problem. Offices of technology transfer were established to identify uni-
versity discoveries with commercial potential, to aid in issuing patents,
and to search for private parties who would be interested in buying the
rights to develop the patents. It was recognized that the private organiza-
tion would develop the university patent only if it had exclusive rights.
Thus, part of technology transfer is payment of royalties from revenues,
income, or other benefits that accrue to the private companies from the
patent.

Technology-transfer offices are responsible for

• Initiating the technology-transfer agreement.
• Collecting royalties.
• Protecting against patent violations.
• Ensuring that buyers of rights actually use them (many technol-

ogy-transfer agreements impose penalties if buyers of a right do not put
in the due effort).

Several thousand technology-transfer agreements between universi-
ties and private companies are in operation. These agreements generate
revenue of about $150 million per year, but most of the revenue is gener-
ated by fewer than 10 of major breakthrough patents. The royalty rates
change, but in most cases they are 1–5% of revenues generated by a patent.
Practitioners agree that a multiplier of 40 reflects the direct contribution
of such royalties to the gross national product. Obviously, the royalties do
not capture much of the benefits, because it can take 8–10 years for an
innovation to becom a commercial product, and the patent life is 17–20
years. The revenues from technology transfer, although substantial, are
small relative to the amount of money spent on the research by the public
sector directly ($9 billion) and constitute about 0.1% of the overall expen-
ditures on education (Parker et al. 1998).

Scientific discoveries have become a necessary precursor and first
step of technological innovation. That has been most apparent in the last
20 years, in which transfer of genetic-engineering techniques played a
major role in establishing the biotechnology industry. Administrators in
technology-transfer offices discovered that, in many cases, established
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private firms would not buy rights to develop new innovations that origi-
nated outside their own organizations. That was especially true with re-
spect to new lines of biotechnology products. Technology-transfer offices
were organized to connect university researchers with venture capitalists
to establish startup companies that aim to develop university innova-
tions. Most of the dominant firms in biotechnology (such as Genentech,
Chiron, Amgen and Calgene) were established in this manner. Once the
upstarts became solid and economically viable, some of them were taken
over by the multinational pharmaceutical, chemical, and agribusiness
firms. That move enabled the larger firms to augment their base of knowl-
edge, research capacity, and product lines through increased returns to
scale and registration, production, and marketing. Multinationals have an
advantage in these stages of product development, and in many cases
new products are integrated, distributed, and produced more efficiently
once they are within their systems.

The process of commercializing university innovations has an impor-
tant effect on industrial structure and productivity. University research-
ers engage in new lines of research and develop products and innovations
that would not likely be developed by research and development activi-
ties in the private sector. As Parker et al. (1998) argue, universities are a
dominant source of ideas for innovation and increased competitiveness.
Because of perceived economic risks, some multinational firms might not
have invested in a number of products that were developed in universi-
ties. However, venture capitalists and some multinational corporations,
such as pharmaceutical and life-science firms, support research in and
development of new technologies at universities. On transfer of these
technologies to the private sector, the products are commercialized and
introduced to the marketplace. Because these new products tend to in-
crease market supply, the monopolistic power of industrial conglomer-
ates decreases (Parker et al. 1998). Most university research focuses on
basic problems, but sometimes it leads to practical products. University
research has the potential to increase both productivity and competition
in the marketplace.

The royalties of technology transfer are shared among university pro-
fessors, universities, and departments. It has been a lucrative process for
some university professors and changed the operation of university de-
partments. Although some professor-entrepreneurs stop drawing salaries
from the university or even donate funding, some continue to be on staff
and use university resources. Thus, the border between public and pri-
vate enterprises is somewhat vague. In addition to technology-transfer
agreements and royalties, many companies become engaged in financing
particular research lines with rights of first refusal of the research prod-
uct. Thus far, it appears that technology-transfer agreements have not
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prevented publication of research results, but some scientists claim that
the agreements do create publication delays (NRC 1997a). Such delays in
publication could be especially problematic if they affect the careers of
graduate students, postdoctoral associates, and other scientists beyond
the principal investigator. In addition, it is not clear how much profit and
commercial motives affect research agendas of university researchers.
Those issues are being deliberated and the outcomes probably will affect
the structure of university research.

Technology-transfer mechanisms evolve continuously, and this evo-
lution should be studied and analyzed. Universities vary in the emphasis
placed on technology transfer and education of their scientists on how to
negotiate agreements with the private sector. Commercial firms believe
that technology transfer offices generally overvalue inventions of their
scientists and undervalue risks made by private firms (NRC 1997a). In-
creased sensitivity to differences in culture, mission, motives, and expec-
tations among public and private research collaborators can increase the
likelihood of success in these negotiations (NRC 1997a).

The USDA not only is required to transfer its knowledge to the public
domain, but also is encouraged to transfer technologies that originate in
its laboratories to the private sector for commercialization. The 1980
Stevenson Wydler Act and its amendment, the Federal Technology Trans-
fer Act of 1986, set up Cooperative Research and Development Agree-
ments as a mechanism for collaboration between government and private
research laboratories (NRC 1997a). The USDA Agricultural Research Ser-
vice (ARS) engages in collaborative alliances with a variety of companies,
including large multinational firms (adapted from USDA-ARS Technol-
ogy Transfer Information Systems databases) in a few recent cases the
public has expressed some concern with the outcome of the partnerships
between federal agencies and private corporations. This is an important
topic for further research. The resolution of these issues could influence
the design of public-sector research and the ability of the public and pri-
vate sectors to use research results.

Privatization of Extension Services and Consulting

Agriculture has become more science-based and requires much more
specific expertise to enhance productivity. As the support and funding of
extension services decrease, new types of institutions and private consult-
ants are emerging. It was stated earlier that some large farmers retain
their own inhouse expertise. Private consultants serve some small farm-
ers. Sometimes, they work independently; at other times, they work with
agrochemical or irrigation companies. Transmission of knowledge in the
past was mostly the responsibility of the public sector, but knowledge is
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increasingly privatized. In many cases, the clients of land-grant univer-
sity extension services are now the consultants rather than farmers. In
California, for example, extension offices work extensively with consult-
ants and provide training for pesticide applicators and advisers.

The privatization of knowledge provision has changed how pesti-
cide-use decisions are made and has introduced new ways to enforce and
regulate chemical use. The professional conduct and responsibility of con-
sultants might become more codified and scrutinized, and they will be
liable for misuse of pest-control substances. The proliferation and expan-
sion of consultants in pest control are closely related to the growing use of
consultants for other agricultural activities, including irrigation and soil-
fertility management. With the emergence of precision farming, consult-
ants compile field data and analyze chemical-use information to develop
more precise and productive chemical-input recommendations for their
clients (NRC 1997b). This knowledge base could be very valuable in pes-
ticide-use decisions and pest-management options. Effective training and
continued education of these consultants will affect pesticide-application
practices and the future of pest control in the United States and around
the world.

Phaseout of Commodity Programs

A wide array of agricultural support programs that originated in the
1930s are gradually being phased out. The phaseout is consistent with the
globalization process mentioned earlier and aims to improve efficiency
and competition in the economy. The main reason that the commodity
support programs were introduced was the tendency of agriculture to
attain excess supplies and thus low prices and low income for farmers
(Gardner 1978). However, in many cases, the commodity programs have
backfired and actually provided an incentive to increase supply. Struc-
tural changes in agriculture are increasing the economic viability of agri-
cultural businesses, and congressional mandates that provide price
supports to farmers are expected to expire by the year 2002. Of course,
reappearance of low commodity prices could lead to reenactment of some
support programs. Farmers are increasingly encouraged to rely on insur-
ance instruments provided by private firms and public-private partner-
ships to manage their production and revenue risks. Future markets and
contracts are expected to play an increasing role in reduction of price
risks. Insurance has been suggested as a tool to address productivity
losses due to pests and to provide farmers some economic incentive to
switch from chemical-pesticide use to alternatives. If such insurance in-
struments were instituted, farmers might forego the use of economically
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or environmentally expensive pesticides, knowing that they are insured
against some types of risk associated with pests.

Some government support programs—such as the dairy, peanut,
sugar, and tobacco programs—continue. Through these programs and
the policy processed behind them, the government continuously moni-
tors agriculture and, although it is unlikely, deregulation might be re-
versed (for example, if farm incomes become extremely low). The federal
government’s role in supporting farmer income has been de-emphasized,
but the United States continues to be strongly committed to providing
public goods with large social benefits, such as basic research, outreach,
and protection of the environment (USDA, 2000).

Devolution

The US government and many other countries’ goverments are shift-
ing some major responsibilities to state and local governments. Increas-
ingly, local governments are addressing natural-resource management
and environmental-quality issues. Thus, we might be entering an era with
global markets and reduced barriers to trade combined with a wide array
of diversified local regulations and strategies to manage natural resources.
This committee envisions pest-control strategies that could evolve to more
regional approaches. A regional policy might, for example, incorporate
the public view on the agricultural enterprise and ecological, economic,
and social factors influencing agriculture in a particular region. Such
regionalization suggests a need for flexible government policies and di-
verse pest-management strategies to address pest problems in varied cir-
cumstances.

Emergence of the Knowledge Economy

The growing importance of science in the development of technology
and the proliferation of computers and information technology are gradu-
ally making knowledge and information dominant factors in production
processes and major sources of wealth (Romer 1986). One manifestation
of the increased value of knowledge is the growing importance of intellec-
tual-property rights. The evolution of the legal systems of patents, plant-
protection laws, and trade secrets enables owners of specific technologi-
cal knowledge, which is critical for valuable production processes, to
collect some return on their investments associated with the development
and use of this knowledge. Major chemical companies and other entre-
preneurs are racing to support research and buy rights to knowledge that
will enable them to control valuable product lines. Ownership of the rights
to process innovations could enable companies to control the fate and
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prices of many products that use their innovations. To some extent, the
ability of a private firm to develop new products will depend on the
availability and cost of new knowledge.

The life of patents is finite, and the price and profitability of pesticides
and other substances decline after patents have expired. Policies and regu-
lations that will restrict and constrain the use of substances after patent
expiration might be valuable to industry, especially to firms that wish to
introduce new products as substitutes for older products. This set of in-
centives should be considered in evaluations of environmental regula-
tions and other legal instruments used to phase out old chemicals in favor
of new ones. In many cases, environmental side effects will be used to
justify phasing out of new materials. We have knowledge and experience
about the side effects of existing chemicals, but their replacements could
present some unknown risks.

Increasingly, refined measurement equipment and improved ability
to analyze the composition of environments have led to more accurate
identification of low-dose toxic materials in various environments. That
can increase concerns with food safety and environmental side effects of
chemical use, so more public education is needed. Improved ability to
trace chemicals back to the source of their emission might result in stricter
environmental regulation, especially because quantitative links between
toxic concentration and risks to human health are in many cases ill-de-
fined. The growing severity of environmental regulations might provide
some justification for altering pest-control strategies by introducing new
precision pesticide-application technology or for canceling some pest con-
trols and setring the stage for introduction of new strategies.

Increased differentiation in management of environments and prod-
ucts is an emerging trend. The computer revolution has increased the
ability to collect data and monitor the behavior of consumers, farmers,
and ecosystems. The resulting information has the potential to yield more
refined management strategies that adjust actions for specific spatial and
temporal conditions. For example, the agricultural management system
that is information-intensive enables producers to adjust inputs during
the growing season in response to changes in the weather (NRC 1997b).
Some major agribusiness firms have recognized the value of production-
management services and are shifting their emphasis from providing in-
puts, such as seeds and chemicals, to selling production-management
services. Similarly, agribusiness and food-marketing firms are providing
farmers with detailed product specifications and, in some cases, produc-
tion guidelines as part of contracts with farmers. Thus, agriculture is mov-
ing toward a more integrated system in which the information-intensive
agribusiness has taken control of decisions traditionally made by the
farmer.
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The Organic-Food Market

Organic food is defined as food produced without the use of synthetic
chemicals (pesticides, fertilizers, or other inputs) (Organic Trade Associa-
tion 1998). The organic-food market is the most rapidly growing food
segment, but it is still a very small portion of the total food produced in
the United States. Consumers perceive organic food to be healthier and to
have been produced without any pesticides at all. Health benefits of or-
ganic food over conventional food have not been conclusively proved
scientifically (C. Winter, UC Davis, Food Safety Program, personal com-
munication, April 8, 1998). There are some growers, packers and retailers
that are trying an alternative to organic agriculture because organic agri-
culture focuses primarily on “no synthetics” but is silent on some envi-
ronmentally friendly and socially responsible practices. For example, the
Food Alliance of Portland, Oregon, requires its farmer-members to limit
their use of chemicals, conserve soil and water, and provide fair and safe
working conditions. The Food Alliance’s aim is to develop a brand or
label recognized by the consumer (see section on “eco-labelling” below)
(Food Alliance 1998).

Market Size

The organic-food market in the United States was $178 million in
1980, $2.8 billion in 1995, $3.5 billion in 1996, and over $5.4 billion in 1998
(Organic Trade Association, 2000). The growth of organic foods is fueled
by aging “baby boomers” who have large disposable incomes and who
want healthy food. Organic food is predicted to grow by 10-20% per year
for the next 10 years worldwide (Moore 1997). Land conversion to organic
farms will limit the growth—land cannot be converted fast enough to
match market demand. The traditiona1 food market is growing at 1% per
year. At a growth rate of 20% per year, organic foods could constitute 20%
of all food in the next 10 years. The rapid growth of the organic- and
natural-foods market has sparked interest on Wall Street, with an unprec-
edented number of companies doing initial public offerings ($755 million
raised from 1996 to 1997) and finding venture capital ($200 million raised
in 1995) (Hoffman and Lampe 1998). But despite this growth, the percent-
age of the USDA research budget dedicated to organic farming is 0.1%
(Lipson 1998).

There were 2,841 organic farms in 1991, 4,060 in 1994, and 12,000 in
1997. Acres of land dedicated to organic farms reached 550,267 in 1994
and 1,127,000 in 1997. Over 20% of US consumers purchased organic food
during the first 6 months of 1997, and 97% of them were satisfied with
their purchases. Tomatoes, lettuce, carrots, and apples are the four top-
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selling organic-food products. Across the country, 57% of upscale restau-
rants offer organic items (Business Editors/ Food and Wine Writers/
Consumer Reporters Advisory for September. Business Wire 9/17/97.
Contact: Fineman Associates, Evette Davis). Organic dairy foods make
up the fastest-growing organic-food class. Horizon Dairy is an organic
dairy that has had triple-digit growth since 1992. Sales went from $446,000
in 1992 to $16 million in 1996 and $28 million in 1997 (Retzloff 1997).
Organic wine, another growing product class, is 1% of the total premium
wine market in the United States (Business Editors/ Ford and Wine Writ-
ers/ Consumer Reporters Advisory for September. Business Wire 9/17/
97. Contact: Fineman Associates, Evette Davis 1998).

Consolidation of the industry is rapid; the number of organic-food
companies is predicted to drop from 600 to 300 in the next 3 years (Moore
1997). Consolidation is necessary to drive the industry to a profitable
business model. Only companies with “critical mass” will probably sur-
vive, and new entrants will find it difficult to establish themselves. Down-
ward price pressure on organic foods also means increased pressure on
farmers; the inefficient farmers probably will shut down and efficient
organic farmers will expand acreage. Also influencing the trend is the fact
that mainstream corporate farming operations are converting to organic
production methods. For example, Shamrock/Disney’s food company,
Cascadia, will be sourced by a major corporate farming operation that is
converting thousands of acres to organic farming systems.

California represents the leading edge of the changing organic enter-
prise. The market in California has doubled twice in 12 years, and 1,800
farmers are now in organic production. In 1998, there were 11,000 acres of
organic certified grapes, 4,200 acres of rice, 3,500 acres of carrots, and
2,000 acres of lettuce. Organic acreage in the state totals 4% of all table
grapes, 2% of wine grapes, 1% of lettuce and rice, and 5% of carrots.
Organic farm revenues in the state increased from $75 million in 1993 to
$95 million after 2 years and are expected to double by 2000 (Johnson
1998). Beyond California, the international market for organic products is
also growing and discussed in more detail in Box 3-1.

Pavich Family Farms, in California started farming organically in
1972. It is in the San Joaquin Valley and in Arizona and successfully farms
3,700 acres of organic table grapes. Because of the growing demand,
Pavich Family Farms embarked on marketing organic products from 50
other growers in Chile, Argentina, South Africa, and elsewhere in the
United States. Pavich Farms markets 70 products, including vegetables,
bananas, nuts, and apples. Steve Pavich, a company founder, sees his
mission as dispelling rumors that large acreage cannot be farmed organi-
cally. He believes that the university system is set up to encourage “silver
bullet” thinkers (linear thinkers), but organic agriculture is matrix think-
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ing and a systems approach. Pavich feels that basic knowledge of soil
microbiology is the critical scarce information and that such knowledge is
the key to successful organic farming (Pavich 1998; Pavich Family Farms
1998).

USDA National Organic Standards Program

In December 1997, USDA announced its National Organic Standards
Program proposed rule, which would end a patchwork of more than 3
dozen state and private certification standards for organic agricultural
products. The rule addresses federal requirements for producing, han-
dling, and labeling organic agricultural products. It provides require-
ments for certification of organic production, accreditation of state and
private certifying agents, equivalence of foreign organic certification pro-
grams, approval of state organic programs, and user fees. The proposed
rule, however, did not specifically eliminate the use of genetically engi-
neered crops, sewage sludge, and irradiation on products designated as
organic. USDA received a record 275,000 public comments against the
inclusion of sludge, genetically engineered crops, and irradiation and
only 19 in favor of their inclusion. USDA made fundamental revisions to
the proposed rule in response to the public comments (USDA 1998), in-
cluding banning the use of irradiation, sewer sludge, and genetic engi-
neering in the production of any organic foods or ingredients (Glickman
2000).

Eco-labelling

Eco-labelling is a new technique used by retailers to provide consum-
ers with the right to the information on and the production method of the
origin of the food product they are purchasing. Eco-labelling is gaining
attention in global trade, not only as it applies to pesticide residues, but
also to address concerns about food produced from genetically modified
seed. A growing trend in the US food industry is to use eco-labelling to
inform the consumer of the specific agricultural practices used to make
the product. The labels tout environmentally or eco-friendly production
practices that conserve natural resources, protect the environment, and
use low-chemical integrated pest management (IPM). This niche, which is
broader than existing organic production, does not specifically exclude
synthetic chemicals in crop production.

Efforts to increase revenue through “green” or “eco” labels are world-
wide. In Europe integrated fruit production (IFP) represents economical
and safer production with a goal of overall reduction in pesticide use.
Growers have agreed to 13 guidelines for pome production in Europe,
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BOX 3-1
International Organic-Food Market

The organic-food market is growing just as fast outside the United States as
it is inside. Many governments—for example, those of Poland (Agrow, 1998a),
Croatia (Agrow, 1998b), France (Agrow, 1998c), and China (Reuters, 1997)—are
providing financial incentives to convert conventional production to organic pro-
duction. Sales of organic products in Japan reached 150 billion yen in 1996 and
sales are expected to be 250-300 billion yen in 1997 (Kyodo, 1997). The first all-
organic supermarket opened there in 1997. Large mainstream retailers are lured
by the potential rapid growth of demand for organic products. An official at the
trading house Nissho Iwai Corporation predicted that 8-10% of Japan’s 40 trillion
yen ($333 billion) food market would turn to organic products; it is less than 1%
now (Nakanishi, 1997). Nissho Iwai was one of Japan’s first trading houses to
strike deals with foreign farmers for organically grown food; it has contracts for
grain, sugar, coffee, fresh and frozen fruits and vegetables. The trading house has
teamed up with French organic-food maker La Vie S.A. to import 20 kinds of or-
ganic foods. In July 1997, the government started to work on domestic standards,
and formed an independent controlling body to create national standards. Green
Network Japan, founded by 2,000 farmers in November 1996, is creating a new
market for small “green” producers in Japan (Nakanishi, 1997). A trading market
for chemical-free rice and vegetables was established on January 1, 1998, on the
Internet by the Nippon Field Science Association and IBM Japan. The market par-
ticipants include about 1,000 farming households for organic produce, agricultural
cooperatives, supermarkets, and food-servicing companies. The association pre-
dicted annual trade of 18 billion yen in the first year and 60 billion yen in 5 years
with 10,000 farming households.

several of which result in lower pesticide use. The guidelines include a
nonpermitted- and a permitted-pesticide list. Italy, Germany, Austria,
and Belgium have high acceptance and grower participation in this re-
gion. In Tyrol, France, IFP started in 1989 with 10% of growers; by 1997,
90% of growers were participating. Controllers of the programs check at
least 20% of the acreage each year and have very tight standards to main-
tain. They also require residue analysis on 10% of the crop. IFP has worked
well on apples in humid areas to reduce insecticides (specifically organo-
phosphates). IFP obtains cooperation from many groups involved in the
process, and, notably, there is also high consumer demand for IFP fruit
(Vickery 1998).

New Zealand

The New Zealand apple market is primarily a market of export to the
United Kingdom (New Zealand markets 2% of the world’s apples). Par-
ticipants in the New Zealand IFP program are ENZA (sales arm of the
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apple-pear marketing board) and Horticultural Research (government-
sponsored agricultural research). For New Zealanders to export apples,
the commodity must go through ENZA. In 1996-1997, 88 growers were
involved; by the 1997-1998 season, over 400 growers participated. It was
estimated that for the 1998-1999 season there would be over 800 growers,
over 50% of all growers. The program uses a pesticide rating system
whereby pesticides are numerically rated according to their toxicity to
various systems and each grower earns a particular number of points.
Growers who use highly toxic compounds must reduce the total numbers
of applications or they will not meet the standards set by ENZA for IFP
fruit. Results after the first year showed a 40-60% decrease in spray; orga-
nophosphate-insecticide use decreased by 90% (one of the primary goals
of the program), costs of production were slightly lower, and damage on
fruit was slightly higher. Confirm(, an insect-growth regulator made by
Rohm and Haas, figures prominently in the program as an organophos-
phate replacement (Dr. Scott Johnson, U.C. Davis, Dept. of Pomology,
April 15, 1998, personal communication).

In Europe, organic farming is becoming “a mainstream option.” The United
Kingdom has seen a 20% annual increase in organic food sales since the middle
1980s, with demand outstripping supply. Nearly three-fourths of organic produce
sold in the United Kingdom is imported. Tesco, a major British retailer, lowered
prices of its organic produce and saw a massive increase in volume of sales. It set
up a Center for Organic Agriculture with $8 million to develop efficient organic
production systems and increase the national output of organic food (Judge, 1997).
Farmers recognize the demand and have increased land conversion by 30%. In
Austria, 200,000 hectares (494,000 acres) is organically farmed, compared with
49,000 hectares in the United Kingdom. In 1995, more than 10,000 Austrian farms
were in conversion to organic. Sales of organic food were 40 million pounds ($67
million) in 1987 and 150 million pounds ($251 million) in 1994.

SwissAir has become the first airline to introduce organically grown products
for in-flight meal service. NaturalgourmetTM is the name of the new concept. Intro-
duction of organically grown food products into in-flight meals complements Swis-
sAir’s “environmental care” efforts. In a survey, passengers requested that organ-
ically grown products be used to as large an extent as possible but without
lessening variety or taste. BioSuisse, the association of Swiss farmers who prac-
tice organic methods, and the Swiss consumer protection association will work
with SwissAir on the Naturalgourmet project. The airline will serve organically
grown baby food and will no longer serve genetically engineered products. The
Swiss government pays a 20% subsidy to organic farmers but only about 2% to
farmers who use only chemicals (SwissAir, 1997). In Switzerland, 7% of the total
agricultural land is in organic production (75,000 hectares); this proportion is pro-
jected to increase to 13-15% by 2002 (Agrow, 1997).
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United States

In the United States, several IPM programs have identifiable logos,
trademarks, and guidelines. They are based on a point system to measure
attainment of certain goals. Programs are certified, and only participants
can use the logo. Based in the University of Massachusetts, Partners with
Nature is an information-based-program for vegetables (cole crops, pep-
pers, potatoes, pumpkins, and sweet corn). In 1998, 50 growers were par-
ticipating. The growers receive recognition for IPM-based efforts and at-
tain points by engaging in various activities (the point system does not
focus on reducing any specific products).

Wegman’s Food Markets and growers—including the New York State
Berry Growers Association, the Eden Valley Growers, and Comstock
Michigan Fruit—have partnered with Cornell University in an educa-
tional IPM outreach program. The partners have developed IPM labeling
programs for corn, beets, cabbage, carrots, and peas, mainly for the fro-
zen-food markets. Gower compliance with IPM practices is verified jointly
by Comstock and Wegman. The point system is not based on specific
products used, but rather on pest monitoring and pest management. The
requirements are minimal compared with California grower practices;
most California growers are already using practices that exceed these
requirements.

Some 250 apple, pear, and cherry growers in Washington and British
Columbia participate in Responsible Choice (Kane 1999). The program
ranks chemicals and includes mating disruption as a pest-management
practice. Overall, participating growers use more environmentally
friendly products than nonparticipating growers. The weakness in the
program is that all growers in the program get the label “Responsible
Choice” even if they have failed to meet point goals for pesticide reduc-
tion.

Wisconsin potato and vegetable growers have partnered with World
Wildlife Fund in an eco-labelling effort. This program has an overall pes-
ticide-reduction goal involving carcinogens, acutely toxic compounds,
endocrine disrupters, and compounds affecting nontarget insects; it deals
with water quality, soil quality, and resistance management. A 15% re-
duction in the target pesticides was achieved from 1995 to 1997; there has
been a 30% reduction over the last 5 years (Mike Carter, director of gov-
ernment and grower relations, Wisconsin Potato and Vegetable Growers
Association, July 1, 1999, personal communication).

In California, Mary Bianchi, farm adviser, works with wine-grape
growers from central coast vineyards in Monterey and Santa Barbara
counties. Team membership represents 40,000 of a total of 80,000 acres in
Monterey County. The program uses a point system similar to that of the
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Massachusetts program, Partners with Nature. Pest management repre-
sents 200 of the 1,000 total points. The objectives are to integrate best pest-
management practices for quality wine production, to support education,
and to enhance the environment. It is a grower-driven program, although
the University of California and the California Department of Pesticide
Regulation provide funding support. Pest-management guidelines in-
clude monitoring of pest and beneficial species, but no specific guidance
regarding particular products is offered. It is a voluntary program with its
own certification (Mary Bianchi, farm adviser, San Luis Obispo, Monterey
and Santa Barbara counties, April 1, 1998, personal communication).

The Food Alliance is a nonprofit group in Oregon formed to promote
environmentally friendly farm practices beyond organic agriculture. The
Food Alliance requires its farmer-members to limit their use of chemicals,
conserve soil and water, and provide fair and safe working conditions.
Members of the Food Alliance who meet the requirements of the program
can label their farm products with the group’s eco-label (Food Alliance
1998).

Innovative Farming Systems to Reduce Pesticide Use

Biointegral Orchard Systems and Biointegral Farming Systems

Biointegral Orchard Systems (BIOS) and Biointegral Farming Systems
(BIFS) are demonstration programs designed to help almond and walnut
growers reduce the use of synthetic pesticides and fertilizers through the
adoption of an IPM approach as expressed in a defined set of sustainable
farming practices. The programs are coordinated by the Community Alli-
ance with Family Farmers based in Davis and the University of Califor-
nia, Davis Sustainable Agriculture Research and Education Program.
Through education field days, in-field technical support and small finan-
cial incentives, BIOS and BIFS helps growers to use a reduced pesticide
approach. BIOS and BIFS personnel maintain good contact with growers
and are viewed by growers as being supportive in addressing issues and
problems. The Lodi Woodbridge BIFS has 40 growers, covering 20,000
acres, enrolled. Soil fertility, arthropod management, weather-based dis-
ease models, and cultural practices are the focus of the program. On the
average, the growers reduced use of insecticides by 25% and of copper-
based fungicides by 50%. Postemergent herbicide use (glyphosate) in-
creased and pre-emergent herbicide use decreased. The West Side BIFS
encompasses 12 farmers and 90,000 acres, with an average farm size of
7,500 acres. Cotton drives the system. In this BIFS, the number of sprays
was not reduced successfully. BIOS and BIFS rely considerably on grower
knowledge whereas Extension, which is research-based, relies on firmly
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anchored, replicated, statistically sound, objective knowledge generated
by university research (University of California Sustainable Agriculture
Research and Education Program Fact Sheet 1999).

Pesticide Environmental Stewardship Program

The Environmental Protection Agency (EPA) has developed the Pes-
ticide Environmental Stewardship Program (PESP). This program pro-
vides funding to selected groups that work together to develop IPM pro-
grams that reduce pesticides. Growers, grower groups, utilities, and cities
can become partners of PESP and then compete for grant money. Each
PESP member must complete an EPA-approved IPM strategy within the
first year of membership. (PESP 1999.)

REGULATORY CHANGES

Environmental Regulation

There has been growing concern about the environmental and health
side effects of agricultural practices and other economic activities over the
last 40 years. There is some empirical evidence, that as average income
increases, concern about environmental protection also increases. The es-
tablishment of the EPA centralized and focused environmental-control
activities. EPA became the major federal agency responsible for imple-
menting the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
and controlling environmental and human health effects associated with
pesticide use. Over the years, similar agencies have sprung up in other
countries, and some states have established their own environmental-
protection organizations; for example, the California EPA is a large, pow-
erful agency. In fact, the abatement of pesticide use is due to the activities
of myriad agencies, including environmental-protection agencies, public-
health agencies, boards of water- and health-quality protection, and de-
partments of agriculture. Each agency has addressed a different aspect of
pesticide use, and some have argued that these numerous agencies were
responsible for a preponderance of requirements and overregulation.

During the 1980s and especially the 1990s, concern about global envi-
ronmental problems increased, and several international agreements that
had direct implications for pesticide use were signed. For example, con-
cern about the depletion of stratospheric ozone led to the Montreal proto-
col that will ban the use of methyl bromide in developed nations by 2001
and in developing nations 10 years later. The Kyoto protocol in 1996
established limits on trading in the rights to emit carbon dioxide (this
protocol must first be adopted by the carbon dioxide polluting countries).
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The protocol will result in energy efficiency and possibly lead to increased
pesticide use (for example, herbicides) as a substitute for energy. It will
affect land-use patterns because countries will receive credit for seques-
tration of carbon dioxide and be fined for releasing carbon dioxide in
forests and other land-use practices. The impact of such arrangements on
pesticide use has to be studied further, but such agreements will likely
lead to increased acreages of biomass that will be sold as sinks for carbon
dioxide.

During the 1970s, EPA and similar agencies relied mostly on direct
control of technology, liability rules, and litigation as the major tools to
achieve environmental-policy objectives, especially in regulating produc-
tion activities. Strict registration requirements have been and are still the
major tools to address introduction of new substances for pest control and
management. The command-and-control approach establishes environ-
mental-quality targets, identifies practices to meet this target, and insti-
tutes a set of rules (mostly liability), incentives, and deadlines to adopt
desired practices in reaching environmental-quality objectives. A notable
example is the introduction and enforcement of scrubbers in power plants
and of catalytic converters in cars to reduce air pollution. Some econo-
mists and others have suggested that the command-and-control approach
is rigid and inefficient, curtails initiatives, and can have counteractive
outcomes. Similarly, the confrontational litigious approach to enforce-
ment of regulations led to a backlash against the environmental legisla-
tion among lawmakers and the public sector. Thus, there is a gradual shift
toward a more flexible and cooperative approach to meet environmental-
quality objectives (Ribaudo and Caswell 1999).

A more acceptable approach is the introduction of markets and trad-
ing in pollution rights. Government agencies can establish an aggregate
target level if pollution is well below existing target levels. Firms then
would establish pollution rights (often proportional to their share in over-
all pollution in the past) and then be allowed to trade in the rights. This
approach has been used to address air-pollution problems and might be
applicable to pesticide use.

The use of direct financial incentives (subsidies) to induce environ-
mental protection is growing. Alternatively, some countries in Europe
have used pesticide taxation. This approach is popular in Scandinavian
nations and is being considered by other European countries (OECD
1995). To encourage environmental protection, governments have used
subsidies to invest in technology or adopt cleaner application systems.
For example, the 1985 Food Security Act made entitlement to certain
government programs subject to environmentally friendly farming prac-
tices. The 1990 Farm Bill included a water-quality incentive program,
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which encouraged practices that reduced groundwater-contaminating
chemicals.

Environmental-quality objectives can be achieved through govern-
ment “rental” of lands and other natural resources (such as as water)
whose use in agriculture can have adverse environmental effects. The
best example of this approach is the USDA Conservation Reserve Pro-
gram (CRP), in which the government rents land from farmers for a fixed
term of 10–15 years and requires them to take out of production land that
is identified as environmentally sensitive and that meets various criteria
(SWCS 1992). In 1999, the US government allocated $1.3 billion for pay-
ments to farmers in the CRP (USDA 1999). Although the major criterion in
the past for these rentals was soil erosion, the criteria expanded over the
years to include wildlife and native-plant preservation and wetland pro-
tection. By targeting land rentals appropriately, governments can reduce
some of the damage from pesticide emissions, such as groundwater run-
off and contamination. Other funds are aimed at water rights that might
be applied to pesticides. In principle, financial incentives are provided to
farmers and other users to change their activities.

Another popular approach is voluntary agreements between firms
and regulatory agencies to control particular types of pollution. Partici-
pating firms gain favorable publicity as environment-friendly companies,
and it is argued (Segerson 1999) that this approach is especially effective if
there are threats of strict environmental regulation (a threat of legislation
behind the “stick”). The threat of EPA intervention in establishing water-
quality standards in California was effective in motivating the different
parties to work together to meet standards for the San Francisco Bay and
Delta in 1993.

California has also introduced two regulations to control pesticide
use. The first says that only certified individuals are permitted to make
chemical-input recommendations and apply those chemicals. These pro-
fessionals are responsible for environmentally hazardous activities and,
in the long run, can be held liable for the application of chemicals and for
environmental protection. California also requires documentation of
chemical applications and storage of the information in a database. The
reporting requirement becomes less expensive when the amounts of com-
putation and documentation decrease and when the prescription applica-
tion of chemicals is restricted to professionals. With more accurate and
timely information, monitoring the use of pesticides and enforcement of
regulations will become easier. Furthermore, public awareness of docu-
mentation activities encourages people to be more cautious in their pest-
control activities.

In spite of the gradual shift toward financial incentives, the leading
pesticide regulation remains direct control. A key regulation is the regis-
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tration requirement, wherein chemicals and other compounds are subject
to a wide array of tests to ensure effectiveness and mitigate risk. These
registration requirements also increase the costs of introducing new pest
controls and contribute to industrial concentration of the pest-control
manufacturers. Another important feature of pest-control policies is the
power to ban chemicals that have adverse effects. Over the years, the
regulatory process has become more sophisticated, and the economic im-
pacts of chemical bans have been taken into account. Regulators have
recognized the heterogeneity and variability of impacts and now tend to
rely on partial bans and use restrictions, taking benefit-risk criteria into
account.

Until recently, most compounds have been regulated individually.
However, most chemicals belong to a small number of “families”, and
there is a tendency, manifested in the Food Quality Protection Act (FQPA),
to limit the aggregate use of and exposure to closely related compounds
(such as the organophosphates). In the future, we could see more evalua-
tion of pesticides in a more generalized context in which regulators con-
sider the environmental and economic impacts of complementary and
substitute compounds.

Food Quality Protection Act

FQPA was passed unanimously by Congress and signed into law on
August 3, 1996, as Public Law 104-170 (FQPA 1996). FQPA amended in
several major ways both laws regulating pesticide registration and use in
the United States: FIFRA and the Federal Food, Drug, and Cosmetic Act
(FFDCA). The passage of FQPA was the outcome of several factors, in-
cluding the National Research Council (NRC) report Pesticides in the Diets
of Infants and Children (NRC 1993). A major goal of FQPA is to protect
children and infants from pesticide residues in their diets. The 1996 law
also extended residue protection to include residue exposure aggregated
from sources other than food (such as water, air, and dermal contact) and
to account for cumulative exposure to multiple chemicals in those sources,
at least for chemicals that act through a common mechanism of toxicity.
FQPA was supported by the agricultural community to resolve the so-
called “Delaney paradox”, replacing it with a uniform health standard
defined as “reasonable certainty of no harm”. Under the “Delaney clause”
of FFDCA, tolerances for pesticide residues on raw agricultural commodi-
ties were determined by a weighing of risks and benefits. The paradox
arose from the fact that there was a zero tolerance for the same residues
concentrating in processed foods. Thus, foods accounting for nearly half
the total estimated dietary risk (all meat, milk, poultry, and pork products
and many fruits and vegetables) fell ostensibly beyond the scope of the
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Delaney clause, because under EPA guidelines they had no processed
form. The Delaney clause was replaced with language to ensure uniform
regulatory treatment of chemicals used in both raw and processed foods.
Other provisions of FQPA were intended to encourage a more science-
based and transparent regulatory process with focus on additional and
adequate protections for subpopulations, particularly children. The over-
arching goal of FQPA is to encourage development and use of pesticides
with reduced risk to humans and the environment. That goal and the
many provisions of the law will affect the number and types of pest-
control agents that will be available for US agriculture in the future (EPA
1999).

As noted earlier, a major provision of FQPA was to address the incon-
sistencies that emerged from the Delaney Clause of FFDCA, primarily the
dilemma caused by the zero tolerance standard for some pesticides in
processed foods. Under the Delaney clause (FDCA Section 409), no finite
tolerance was allowed for chemicals that were found to cause cancer (that
is, to induce either malignant or benign tumors) in experimental animals
and which concentrated during food processing (NRC 1987). Zero toler-
ance produced a variety of problems: as analytical methods improved,
concentrations that were “zero” by older methods became measurable
(Zweig 1970). That tie to the analytical method of detection led to an ever-
shifting regulatory landscape as agencies and registrants attempted to
keep up with improvements in analytical methods. In addition to im-
proved analytical methods, extensive testing to determine oncogenicity
occurred in the 1980s, partly as a result of reregistration requirements of
FIFRA. The extent of testing in the 1980s indicated that 60% of all herbi-
cides (on the basis of pounds applied) are oncogenic or potentially onco-
genic. By volume of use, 90% of all fungicides and 30% of all insecticides
fell into this category (NRC 1987). The combined effects of increased posi-
tive tests for oncogenicity and improved analytical capabilities threat-
ened the registration status of many mainstream pesticides that were
found both on foods that undergo processing (Section 409) and on raw
agricultural commodities (Section 408). An additional problem with the
Delaney clause is that zero tolerance for carcinogenicity but not other
modes of death inadvertently biased test results in favor of the more toxic
compounds because test animals succumbed before doses sufficient to
induce cancer could be applied. FQPA eliminated the distinction between
raw-food and processed-food tolerances so that all pesticide residues will
be regulated under an amended FFDCA section 408. New section 408
requires all tolerances to be “safe”, ensuring a “reasonable certainty of no
harm” from pesticides. The law authorizes slightly higher residue con-
centrations on foods when pesticide use avoids greater health risks to
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consumers or substantial disruptions to domestic production of an ad-
equate, wholesome, and economical food supply (Schierow, 1998).

The NRC report Pesticides in the Diets of Infants and Children (NRC
1993) addressed the question of whether regulations for controlling pesti-
cide residues in foods adequately protected infants and children. There
was concern that the exposure of infants and children to pesticides and
their susceptibility to harmful effects would differ considerably from those
of adults. Children consume more of some foods and water, on a body-
weight basis, than adults. Many of those foods—such as apples, apple
juice, applesauce, orange juice, pears, peaches, carrots, and peas—are
treated with a variety of pesticides during production, and detectable
residues are found on many of them. Furthermore, the foods most often
sampled by the Food and Drug Administration (FDA) in its role of moni-
toring residues in the US food supply include just a few of those most
often consumed by nursing and nonnursing infants. The NRC study com-
mittee concluded that infants and children are different from adults, both
qualitatively and quantitatively, in their exposure to pesticide residues in
food and that the differences were not taken into account in pesticide
regulatory practices such as tolerance-setting and calculation of dietary
exposure limits.

Evidence of quantitative and, occasionally, qualitative differences in
the toxicity of pesticides between children and adults was also found.
Although there was a general lack of data that addressed differential
toxicity, examples did support differences in toxicity ranging as high as a
factor of 10 for children vs. adults.

The combination of differences in exposure and in susceptibility led
the committee to make several recommendations for a new approach to
assessing risks for infants and children posed by pesticide residues, in-
cluding dietary and nondietary exposures:

• Tolerances should be based more on health considerations than on
agricultural practice.

• Toxicity-testing procedures that specifically evaluate the vulner-
ability of children and infants to pesticide chemicals should be devised.

• An uncertainty factor up to 10 should be considered when there is
evidence of postnatal developmental toxicity and when data from toxicity
testing relative to children are incomplete.

• Additional data should be collected on food-consumption patterns
of infants and children within narrow age groups.

• Pesticide-residue data from different laboratories should be col-
lected by comparable analytical and reporting procedures and made ac-
cessible through a national pesticide-residue database.
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• All exposures to pesticides, dietary and nondietary, should be con-
sidered in evaluating risks to infants and children. Exposure distribu-
tions, rather than single-point data, should be used to characterize the
likelihood of exposure to different concentrations of pesticide residues.

Virtually all of the recommendations of the committee were incorpo-
rated in some way in FQPA, primarily in its amendments to FFDCA.
These included:

• Mandated consideration of the special sensitivity and exposure of
children to pesticides

• Requirement of an explicit determination that tolerances are safe
for children.

• Requirement of an additional safety factor of up to 10 based on
available information and evidence, to account for the uncertainty of ex-
posures and sensitivities of children.

• Requirement of consideration of exposure to all other pesticides
with a common mechanism of toxicity in the setting of allowable residue
concentrations.

The conventional method of calculating acceptable daily intake, or
reference dose, (RfD) (Barnes and Dourson 1988) for pesticides included
use of an experimentally determined no-observed-adverse-effect-level
(NOAEL) derived from long-term animal toxicity tests. This is coupled
with an uncertainty factor (or safety factor) for extrapolating from ani-
mals to humans and across the human population. The latter was gener-
ally 10 for intraspecies differences (other humans and animals) and 10 for
interspecific or individual differences (Ui). Differences in susceptibility
among species were assigned an additional uncertainty factor of 10 (Us).
A further uncertainty factor of 10 could be assigned for studies that en-
compassed less than a full life span (Ut), and a modifying factor (M,
ranging from 0.1 to 10) could be used to account for issues related to the
quality of the studies. Consequently RfD = NOAEL ÷ (Ui × Us × Ut × M).

FQPA adjusted this “acceptable risk” for each pesticide by recom-
mending an expanded uncertainty factor, up to 1,000. It also requires that
all chemicals with a common mechanism of toxicity be included in calcu-
lating the RfD for a single chemical. For organophosphates, for example,
calculating an RfD for one member must include the possibility that other
organophosphates might co-occur in food or drinking water. The FQPA
requirement that all exposure (dietary, home use, water, air) be consid-
ered in setting an RfD for a single chemical still further restricts the RfD
for a given chemical.

The concept of a “risk cup” was developed to illustrate the new regu-
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latory approach. A chemical would have, as before, an RfD-driven limit.
But now the RfD would be lower to begin with (because of the use of the
1,000 rather than 100 as a safety factor). And the RfD could be reached
more rapidly by the combined effect of including exposures to a single
chemical from all sources and to other chemicals of similar mechanism.
The risk cup, in effect, would shrink for a given chemical and thus more
likely be filled or exceeded by pre-FQPA uses.

FQPA is having major impacts on pesticide development and regis-
tration. In part, this was the result of the smaller risk cup, a direct out-
growth of the single, health-based child-driven standard concept of FQPA.
Registrants are required to confine RfDs of pesticides within a steadily
diminishing level of acceptable risk. For example, EPA is considering a
ban on all organophosphates because of the cumulative-risk concept and
the common mechanism of action of this large group—some 1,800 toler-
ances are established. EPA’s preliminary risk assessment of 28 organo-
phosphates indicated that risks of some individual organophosphates
(such as methyl parathion) exceeded acceptable levels even without the
consideration of nonfood sources of pesticide exposure. EPA has deter-
mined that the risks to children are unacceptable in the case of methyl
parathion and registrations of all fruit uses and many other food and
nonfood uses will be canceled before the next growing season (Schierow
1999). Another overall result has been a trend of registrants to pursue
registration of “reduced-risk” pesticides—that is, those with reduced in-
herent toxicity or reduced exposure potential (such as low-dose chemicals
and low-persistence chemicals)—or of nonchemical alternatives to con-
ventional pesticides (see figure 2-4 in chapter 2) .

To address risk cup-problems, EPA might propose and registrants
might consider label changes that can include loss of selected uses,
changes in or revocation of tolerances, changes in use rates, and other
appropriate mitigation measures. Registrants are finding that it is impor-
tant to work with the regulatory agencies and with the user community to
ensure consideration of new data, in addition to the impact of these
changes on the market. Such approaches will be essential as important
pesticide groups such as organophosphates undergo evaluation by the
participating regulatory agencies.

The workload imposed by FQPA has resulted in registration delays at
EPA. Minor-use registrations and new registrations slowed at the same
time when needs were most acute because of lost registrations, lost uses,
and changes in tolerances. Farmers are concerned that if chemicals are
withdrawn from use, few cost-effective pest-management tools will be
available to replace chemicals lost through regulation. FQPA defines ma-
jor crops as those grown on more than 300,000 acres. These crops include
barley, canola, corn, hay, oats, rice, rye, sorghum, wheat, dry beans, pop-
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corn, potatoes, snap beans, soy beans, sugar beets, sunflowers, tomatoes,
sod, apples, and grapes. Other crops are considered minor crops, and
pesticide usage on them thus constitutes “minor use”. This NRC commit-
tee is using similar criteria to distinguish between major and minor uses.

FQPA requires review of all tolerances on a 10-year schedule, with
33% completed in 3 years (by August 1999), 66% within 6 years, and 100%
within 10 years. EPA has met the initial 3-year goal, in part because of the
substantial number of voluntary cancellations of potential reregistration
candidates (EPA 1999). In this process, the priority for EPA review has
been given to pesticides that pose the greatest risk to public health (orga-
nophosphates, carbamates, and B2 carcinogens)—a “worst-first”
approach.

One of the most important aspects of FQPA is the requirement of
tolerances for emergency exemptions. Section 18 of FIFRA authorizes EPA
to allow state and federal agencies to permit the unregistered use of a
pesticide for a limited time if EPA determines that emergency pest condi-
tions exist and no registered pesticide would be effective. This means that
FQPA required not only immediate implementation of all its new require-
ments, but also their application to emergency exemptions. Of all the
changes in the act, this had the most profound effect on the ability of the
agency to meet its deadlines, and it is responsible in part for the reduced
number of new uses and new active ingredients. In its amendments to
FIFRA, FQPA authorizes collection of fees from industry to complete the
review of all current tolerances, thus ensuring that these chemicals meet
current EPA standards; establishes minor-use programs in both EPA and
USDA, including a USDA revolving-grant program to support data-col-
lection requirements and other procedural provisions to assist minor-use
pesticide applications; and reforms the antimicrobial-registration process
to shorten regulatory review and decision times.

In addition to toxicity, human risks, cumulative effects, aggregate
exposure, and variabilities among subgroups, FQPA requires that EPA
consider endocrine effects for reregistration and re-evaluation of toler-
ances and assessment of risks. An environmental endocrine disrupter is
defined as an exogenous agent that interferes with the synthesis, secre-
tion, transport, binding, action, or elimination of natural hormones in the
body that are responsible for maintenance of homeostasis, reproduction,
development, or behavior (EPA 1997b). These agents can include chemi-
cals with hormone-like effects that can mimic natural estrogens and
chemicals with antihormone effects, which bind to androgen receptors
and block testosterone-mediated cell responses. FQPA includes consider-
ation of chemicals that might interact with pesticides to pose risks for
humans and the environment. Both human effects (such as decreased
sperm counts, testicular and prostatic abnormalities, skin cancer, breast
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cancer, endometriosis, and miscarriages) and wildlife effects (such as de-
creased fertility and abnormalities in gulls, fish, seals, and alligators) can
result from exposure to endocrine-disrupting chemicals (NRC 1999).
FQPA specifically mandated the development of a screening program for
endocrine effects within 2 years of its passage, with implementation
within three years of passage and a report to Congress within 4 years.

FQPA includes a provision to enhance enforcement of pesticide-resi-
due standards. Specifically, the law enables EPA to impose civil penalties
for some tolerance violations and authorizes increased funding for FDA
residue monitoring. FQPA also contains a consumer “right to know” pro-
vision and a tolerance-uniformity section to harmonize tolerance-setting
activities between state and federal regulatory agencies.

Several immediate issues have been raised as EPA, state agencies,
pesticide registrants, and food producers have begun to grapple with the
implementation of FQPA (Agrochemical Insider 1998). There are serious
concerns among farmers and growers about the actions that were being
considered by EPA under the aegis of FQPA, particularly a ban on all
organophosphate insecticides. Speakers at a recent symposium examin-
ing FQPA and its impact on science policy and pesticide regulation con-
firmed that concern, with particular impact being felt in the production of
fruits and vegetables, where the residues of organophosphates are high-
est. Minor crops are likely to bear the brunt of FQPA. Registrants of orga-
nophosphates are expected to sacrifice minor crops to maintain tolerances
for major crops (Lichtenberg 1999). Proponents of the across-the-board
ban had not recognized the widespread reliance on organophosphate pes-
ticides for use on some crops (such as peas and lentils).

There is concern among some agricultural-commodity groups that
alternatives to chemicals whose usage would be restricted or lost as a
result of FQPA are not available. It might be necessary to have a bridge
between the longer-standing pesticide laws and FQPA so that a smooth
transition can occur. The bridge would include expedited review of emer-
gency-use provisions (section 18) so that a critical pesticide use could
legally continue until alternatives were available.

Loss of pesticides on minor crops might restrict US production and
result in increased reliance on imports or in shortages in the market-
place. Those who need fresh fruits and vegetables most, including chil-
dren in low income families, might suffer the consequences of reduced
availability.

Some of the alternatives to existing chemicals could pose other prob-
lems, such as susceptibility to resistance, which will be undocumented if
these products are rushed into service as substitutes.

EPA might rely increasingly on default assumptions to speed deci-
sion-making; this could result in unrealistic scenarios of risk, which might
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be readily overcome by systematically collecting real data. An example is
provided by the safety factor of 10 and its potential use across the board.

In general, FQPA has set and will set priorities for science policies
and regulatory decisions. It will both promote and complicate harmoni-
zation and further challenge those involved with pest management and
those involved in recommending research priorities. A research agenda
should help to define and refine the public-policy and science issues that
FQPA advances. For example, software tools using sophisticated probabi-
listic models are being generated to address the aggregate- and cumula-
tive-exposure assessments required by FQPA. Information relative to the
temporal, spatial, and demographic exposure of various subpopulations
to pesticides creates a demand for high quality current data that should
be available to government officials in time to make regulatory decisions.
The databases now available fall short of that need (CAST, 1999).

Important scientific issues have also been raised. A NRC study com-
mittee reviewed the broad issues of endocrine disrupting chemicals, some
of which will directly affect FQPA’s implementation steps for them. The
NRC committee recommended new studies to assess the health and eco-
logical effects of chemicals known as hormonally active agents. The com-
mittee also concluded that, although there is evidence of adverse effects
of exposure to high concentrations of these substances, little is known
about their impact at low concentrations, such as those that exist in the
environment (NRC 1999).

The International Life Sciences Institute (ILSI) Subcommittee on Ag-
gregate Exposure Assessment, Health and Environmental Sciences Insti-
tute is conducting a study on the development of methods for assessing
exposures to pesticides from nonfood sources to measure aggregate expo-
sure The study includes exposures in the home from the use of chemicals
for in-home pest control or the intrusion of chemicals into the home from
outdoor uses. Another ILSI working group issued a report on the scien-
tific foundation of the “common mechanism of toxicity” cumulative-risk
concept (Mileson et al. 1998).

Decreasing Worker Exposure to Pesticides

The 1992 EPA Worker Protection Standards

The 1992 EPA Worker Protection Standards (WPS), which are de-
scribed in Chapter 2 included many provisions designed to decrease
worker and handler exposure to pesticides. The major criticism of the
1992 WPS has been similar to the criticism voiced by EPA about the pre-
1992 WPS: lack of compliance. Enforcement of the WPS is under the au-
thority of the states (Arne 1997). The federal government at least partially
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finances enforcement efforts in the form of grants to the states. The states
are required to report to EPA on enforcement efforts.

The current system of enforcement has a number of problems. First, it
is generally more difficult to monitor activities on a large farm than in a
factory or other circumscribed area. Second, most enforcement efforts are
responses to complaints, so enforcement activities do not give a quantita-
tive indication of general compliance. Third, the agencies responsible for
compliance reporting can have political conflicts of interest. Fourth, it is
difficult for workers and even medical personnel to diagnose pesticide
poisonings (EPA 1998).

Each state determines which agency is responsible for enforcement.
In most cases, states assign the role to a department of agriculture or a
department of health and environment. There is concern that a state de-
partment of agriculture’s mission to enforce the WPS is a conflict of inter-
est with other missions of the department. Each state has its own official
forms for reporting on inspection of agricultural operations. That has
resulted in a lack of uniformity in the kinds of information collected. EPA
requires the states to report on enforcement efforts and findings with a
single form. Examination of the EPA form used for this reporting (form
5700-33H) shows that the states can give EPA only very general informa-
tion on enforcement and compliance, even if the state forms have useful
details.

Interviews with state and EPA officials indicate that there are political
problems in having states enforce WPS and report on violations. Because
states compete in terms of their compliance with WPS, state officials at
many levels in the enforcement hierarchy have an incentive to underre-
port noncompliance.

Interviews with EPA officials indicate that EPA has not conducted
any independent studies to gain an unbiased estimate of compliance with
specific WPS regulations. The only information on compliance that was
available to this committee came from one National Institute for Occupa-
tional Safety and Health (NIOSH) study, one university study, and two
reports by farm-worker advocacy groups that have examined state inves-
tigations of worker poisonings and injuries.

In a 1997 NIOSH study (Bauer and Booker 1998), farm workers in
Homestead, Florida, and in Kankakee, Illinois, were interviewed with the
assistance of camp health aides under direction of a government contrac-
tor (Aguirre International) and with a questionnaire developed by NIOSH.
A few examples of data collected in the interviews are revealing. The
percentages of workers in Kankakee and Homestead that reported having
been during the past 12 months in fields that were sprayed with chemi-
cals (while the workers were present) in the preceding 30 days were 18%
and 42%, respectively. The percentage that reported working in fields
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during the preceding 12 months that were “wet with chemicals” were
27% and 50% respectively. Water for washing in the field was reported to
be available by 62% and 66% of workers. Soap was reported available by
36% and 59% of workers. According to the WPS soap and water must be
provided in areas that have been sprayed within the last 30 days.

The workers were asked more specific questions about the last time
they performed specific tasks. For example, during the last time they
mixed or loaded pesticides 85% and 805% of the workers in Kankakee
and Homestead were provided gloves, and 54% and 51% were provided
respirators. No information was given about the type of pesticide that
was being mixed or loaded.

A University of Minnesota study not directly aimed at studying com-
pliance (Mandel et al. 1996) found that, of 502 farmers who used pesti-
cides, 56% wore chemical-resistant gloves and 22% wore other protective
clothing at least 75% of the time when using pesticides.

Two detailed reports that examined WPS state records from Florida
and Washington were recently published by agricultural-worker advo-
cacy groups (Davis and Schleifer 1998, Columbia Legal Services 1998).
The groups accessed public documents on how state regulatory officials
responded to reports of poisonings or noncompliance with WPS. They
concluded that state officials were not vigilant in their investigations and
that a number of the protocols for investigation were in need of substan-
tial change. Evidence presented in both reports indicated that state regu-
latory officials were biased toward accepting the word of employers over
employees.

Interviews with agricultural extension workers also indicate a lack of
compliance with some WPS regulations. Easily observable actions re-
quired by the WPS are the clear posting of warning signs in fields where
pesticides have been sprayed and removal of the warning signs within 3
days after the restricted-entry interval has expired. Agricultural extension
agents noted that in some agricultural areas where they knew that pesti-
cides had been applied to almost all fields (for example, southeastern
cotton in August) there was less than 5% posting. In other regions, farm-
ers sometimes left warning signs up long time after pesticides were ap-
plied. Leaving signs posted when they are not a signal of danger de-
creases the general warning value of the signs.

The studies and observations described in this section are all limited.
It can be argued that they do not prove, conclusively, that there are major
abuses of the WPS. However, without more detailed objective informa-
tion on compliance, there is reasonable doubt that the 1992 WPS is accom-
plishing its goal.

Conducting an objective study of compliance with WPS will be diffi-
cult but important. It is critical that an independent organization and
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individuals with no personal, financial, or political conflicts of interest
conduct an unbiased and objective study. Furthermore, the nature of the
information to be collected requires sophisticated sociological, epidemio-
logical, and statistical expertise. University personnel might be the most
appropriate people to conductsuch studies.

Even if such studies were performed, evaluating the results in terms
of what constitutes an acceptable health risk will be difficult. Before the
studies are conducted, it is important to determine what percentage of
compliance with each of the provisions of the WPS can be considered
sufficient.

Additional Means of Decreasing Worker Exposure to Pesticides

Other approaches have been recommended for decreasing worker
exposure to pesticides, described briefly below.

Ban on all or some uses of the most acutely and chronically toxic
pesticides. Under the comprehensive pesticide reregistration engendered
by FQPA, worker exposure and safety issues are under intensive direct
scrutiny and analysis by EPA to decrease consumer exposure to pesticide
residues on and in foods. One approach to reducing residues that is avail-
able through FQPA is the banning of specific uses of problematic pesti-
cides. A large proportion of the residues encountered by consumers is on
vegetables and fruits, which are the minor crops targeted by the 1992
WPS. Actions that decrease the use of toxic chemicals on minor crops to
protect consumers should also decrease exposure of workers. The objec-
tives of FQPA and some of the challenges inherent in banning specific
uses are discussed in earlier in this chapter. The techology and monitor-
ing required in enforcing FQPA could lead to the detection of illegal uses
of chemicals that leave measurable residues on food products. Detection
and prosecution of illegal use would be expected to provide deterrence in
the future.

Prescription use of restricted pesticides. The adoption of a medical
model for pesticide use has been discussed for many years (Dover and
Croft 1984). The general idea is that some pesticides that are considered to
be reasonably safe will be purchased “over the counter” and those consid-
ered more problematic will be “prescribed” only for specific uses by a
professional trained in toxicology, IPM, and safe pesticide use. In the past,
this approach was never considered seriously, because of the infrastruc-
ture that would be needed to support it, and because of the potential for
abuse.

A recent report by the Council for Agricultural Science and Technol-
ogy (CAST) (Coble et al. 1998) examined the pros and cons of prescription
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use. It discusses options for determining who would be considered a
qualified prescriber, how the prescriber would actually function, and how
potential legal problems could be handled. According to CAST, a profes-
sional prescriber would be required to have pesticide education and ex-
perience with local agricultural problems, including knowledge about
nonpesticidal solutions to agricultural problems. The prescriber would
have to be insulated from personal and political pressures. There would
be an obvious problem in giving “provider licenses” to people who work
for manufacturers or distributors, no matter how highly qualified they
were. Federal agencies or state departments of agriculture could be a
source of qualified personnel, but a potential problem of bias could arise
there because these departments also have a goal of promoting profitable
farming enterprises. Finally, independent consultants could fill the role of
prescriber.

We lack sufficient qualified people from any source, so training pro-
grams would need to be put into place. A prescriber’s function could
range from writing local prescriptions and reporting to enhancing public
and user knowledge of pesticide characteristics and IPM in general. Pre-
scribers and companies that produce the “prescription pesticides” would
have a higher liability exposure. The increased liability could be an im-
portant deterrent for both parties. Any increase in product labeling asso-
ciated with prescription use will serve as a disincentive for manufacturers
to take advantage of this approach. An alternative to prescription use
would be “exceptions to labeled use” that could be permitted if a pre-
scriber were involved, but this option would shift the legal burden from
the manufacturer to the prescriber.

The CAST report warns that building the infrastructure needed for
instituting prescription use would take time and money, and mainte-
nance of the system would be expensive. The report suggests careful
analysis before any steps in this direction are taken.

However, California has implemented a program similar to the pesti-
cide-prescription approach through its Department of Pesticide Regula-
tion when it began testing and licensing pest-control advisers (PCAs) in
1971. The department has since continuously raised the education and
experience requirements for licensing PCAs and required annual course
work for license renewal. The PCAs have the responsibilities of making
determinations for pesticide use or alternatives such as biocontrol in agri-
cultural and nonagruicultural settings. They are licensed to prescribe re-
stricted use-pesticides, such as organophosphates and methyl bromide.
They are required to report their recommendations to the state as part of
a state pesticide-monitoring program (California Department of Pesticide
Regulation, 2000).

Improvement of pesticide-application tools, packaging, and
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formulations. Over the last 20 years, there have been important advances
in pesticide-application technology. Many of the advances have been
implemented, especially for class I pesticides. Entire engineering groups
in agrichemical companies and in university departments are devoted to
application technology. Ultralow volume, geographic information system
applications, drip irrigation, chemigation, and prepackaged ready-to-use
containers have all reduced the exposure of agricultural workers (see
Table 3-1).

Some changes in formulations of pesticides that are used in house-
hold products are needed. The basic change would be to prohibit sale of
highly concentrated formulations. That would lower the impact of acci-
dental spills, ingestion by children, and spraying of higher-than-needed
concentrations.

Addition of odorants or dyes to pesticides at concentrations that
would match the risk of specific pesticides. A characteristic of pesti-
cides that results in worker-safety problems is the lack of immediate feed-
back to exposed workers. When a worker is hurt because of malfunction-
ing or misused farm equipment, the cause of the injury is clear to the

TABLE 3-1 Application Technologies with Potential to Reduce Pesticide
Risks

Problem Application Technology

Drift reduction Electrostatic sprayers
Hooded sprayers
Air-assisted sprayers
Spray additives
Low-pressure nozzles

More precise application Baits
Weed-identification sprayers
Sprayer injection systems
Speed and flow monitors
Field mapping and GIS systems
Variable-rate application

Applicator safety Closed systems
Direct-injection systems
Prepackaged, ready-to-use containers

Source: Hall and Fox, 1997.
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worker, and the worker can then take precautions to avoid a similar in-
jury in the future. In contrast, a worker can be exposed to a harmful dose
of a pesticide without knowing it. A worker who feels the symptoms of
acute pesticide poisoning might not know whether the symptoms are due
to a pesticide, hot weather, a virus, or food poisoning. Unless the worker
has been told, or seen signs indicating, that he or she has been in a pesti-
cide treated area before the restricted entry interval has elapsed, it is
difficult to determine cause and effect. In the case of chronic or delayed-
onset impacts of pesticides, it is always difficult for the worker to deter-
mine cause and effect.

If there were full compliance with EPA WPS, a worker would have a
general idea of his or her level of exposure. Because evidence indicates
that is impossible to get full compliance, it would be useful to develop a
more foolproof mechanism to provide immediate feedback to workers
who have been exposed to harmful levels of pesticides. In principle, a
straightforward approach for decreasing the length of the feedback loop
is to add odorants or dyes to pesticides, with the intensity of either signal
being related to the danger of exposure.

The principle of using odorants to signal danger is not new. Odorants
have been added to odorless natural gases for over 7 decades (Fieldner et
al. 1931). The odorant is set at a concentration that a person could detect
when the natural gas concentration reached one-fifth the minimal explo-
sive concentration (Cain and Turk 1985). A substantial amount of re-
search was conducted to determine what odorants in what concentrations
would be adequate to warn citizens of natural gas leaks (Robertson 1980,
Venstrom and Amoore 1968, Semb 1968). It demonstrated substantial vari-
ability among individuals in ability to perceive odors (Schemper et al.
1981, Cain et al. 1987, Cain and Turk 1985). Some of the variability was
due to age, sex, and health. The sensitivity of a general group of people
can vary by a factor of 16 for some odors (Amoore and Hautala 1983). A
small percentage of people who are anosmic and cannot perceive odors,
but they can perceive nasal irritants, such as allyl alcohol (Amoore and
Hautala 1983).

Another component of odor sensitivity is level of awareness. People
who are aware of the possible presence of an odor can sometimes detect it
at a concentration that is only about 4 % of that needed by a person who
is misinformed about the potential for presence of an odor (Amoore and
Hautala 1983). People have been shown to quantify the concentration of
some odors (such as pyridine) more easily than other odors (such as iso-3-
hexene-1-ol). All those characteristics of odors are assessed in determin-
ing an optimal odorant for a given situation. In the case of agricultural
workers, typically, a number of people work together, so there is little
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chance that an anosmic person will be isolated or unaware of the odorant.
And anosmia can easily be determined with a scratch-and-sniff test (Cain
and Turk 1985) during pesticide training sessions. Such tests could also be
used in training because odor memory enhances detection. Choice of an
odorant would depend on whether the goal is to have workers simply
detect the odor or quantify its intensity.

Many commercial pesticide formulations have distinctive odors that
come from the pesticidal compound, the formulation ingredients, or im-
purities. For example, workers can smell most formulations of chlor-
pyrifos. Unfortunately, the intensity of the odor associated with currently
used pesticides is not correlated with the risks associated with exposure
to them. Some cities (such as Phoenix, AZ) have ordinances that restrict
the use of odoriferous pesticides on farms near residences and schools.
That has sometimes resulted in farms using pesticides that are less odor-
iferous but more toxic than a pesticide with an unpleasant smell.

If the intensity or perceptibility of the odor associated with a pesticide
were directly related to the potential harmfulness of the compound, work-
ers would get clear indications of dangerous situations, whether or not
their employers informed them of the situation. Because odoriferous com-
pounds, by their nature, must be volatile, their intensity decreases with
time. Formulations of odorants could be developed that would decrease
in intensity in a manner that simulated the decreased danger associated
with a specific pesticide application. It would probably be best to use a
single general type of odor to signal pesticide danger so that workers and
other people would get one clear signal. Keeping one basic odor associ-
ated with natural gas has worked well.

Tests of pesticide concentrations on the skin of pesticide applicators
have shown a high degree of individual variation; for example, there was
a range of a factor of 100 in residues of alochlor on the hands of 27 alochlor
applicator and mixers because of differences in individual behavior
(Sanderson et al. 1995). If applicators used formulations with odors, they
would be aware of self-contamination rates. Because pesticides have dif-
fering rates of penetration of clothing, it might be difficult to develop
formulations of one odorant that would perfectly mimic all compounds.
Research on this subject is lacking.

Many problems could be associated with both development and li-
censing of pesticide formulations containing odorants. However EPA and
industry have already demonstrated that such problems can be over-
come. Because of special health risks associated with them, methyl par-
athion, paraquat, and methyl bromide now contain odorants (referred to
as stenching agents).

In the case of methyl parathion, some household pest-control compa-
nies were illegally spraying inside houses with this compound (EPA
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1997a), presumably because it is inexpensive. Many cases of severe illness
resulted (EPA 2000). EPA worked with the manufacturer, Cheminova, to
add a stenching agent to the formulation (packaging requirements were
also changed). There have since been no reported infractions of the law.

Paraquat is one of the most toxic agricultural herbicides (Stevens and
Sumner 1991). There is no effective antidote to paraquat once a person has
been overexposed and it has been involved in many accidental deaths
and suicides (Blondell 1996). In 1988, the manufacturer of paraquat,
Zeneca, added a stenching agent, changed the color of the formulation,
and added an emetic. Data sets from California and from the entire United
States show about a 50% decrease in poisonings related to oral paraquat
exposure since the formulation was changed. A Zeneca official indicated
that some farmers do not like the stenching agent but that most continue
to use the product.

The odor of the new formulation of methyl parathion can be smelled
in recently sprayed fields, but it is not always easy to detect it (personal
communication, P. Ellsworth, Univ. of Arizona, Nov 1, 1998). Poor detect-
ability in field conditions might reflect the fact that the odorant was de-
veloped for closed buildings. The paraquat odor is difficult to detect after
the compound is sprayed; this characteristic does not present a limitation,
because paraquat is not dangerous after it is sprayed. The odor in paraquat
is aimed at protecting mixers and applicators and intentional abusers of
the pesticide. For most pesticide uses, it would be important to use an
odorant concentration that could be detected in the field.

The identity of odorants in methyl parathion and paraquat is confi-
dential business information, so detailed information on the composition
of most of the odorants and on how the manufacturer adds odorants is
not available. What is clear from these three cases is that the technical and
regulatory problems associated with adding odors to pesticides are not
difficult to solve.

In a number of informal studies, investigators have added dyes to
pesticides as a means of training pesticide applicators (Paul C. Jepson,
Oregon State University, November 1, 1998; Allan Hruska, Zamorano
Univ., Honduras, Central America, November 2, 1998, personal commu-
nications). The training sessions are reported to have been highly success-
ful. On the basis of short-term participant response, the participants were
generally shocked by how much pesticide (dye) was deposited on their
clothing and bodies. The demonstrations showed applicators who use
ground equipment how important wind direction is in determining the
amount of peticide deposited. In at least one case, a potato defoliant,
Dinoseb—dinoseb2-(1-methylpropyl)-4-6-dinitrophenol—had a yellow
color that dyed unprotected hands of applicators. Anecdotal information
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indicated that applicators handled this pesticide more carefully than other
pesticides.

The incorporation of odors into pesticide formulations is feasible and
effective. The use of dyes in formulations has received little attention but
could work well. Those two related approaches for reducing health risks
of agricultural workers require substantially less infrastructure to imple-
ment than the prescription-use approach. One of the major advantages of
dyes and odorants is that workers are provided direct information on
exposures. Assessing the best approaches and compounds for specific
situations will require detailed research that could, at least in part, be
conducted in the public sector.

The US farm-worker population is relatively small and well informed
compared with agricultural workforces in poor countries. Any simple
odor or dye materials and methods developed for shortening the feed-
back loop for US workers could be used by other nations where worker
exposure is likely to be much worse.

Legislated Reductions in Pesticide Use

Several factors continue to provide an opportunity to develop safer
products with the same efficacy as chemicals. Societal concerns about
chemical pesticides—including worker safety, animal toxicity, and
groundwater contamination—continue to increase in the United States
and around the world. Northern European countries (Denmark, Sweden,
and Netherlands) have legislated a 50% reduction by the year 2000 for
farm uses of chemical pesticides. Switzerland pays farmers large subsi-
dies to farm organically and provides minimal or no subsidies to farmers
who use chemical pesticides in their crop-production systems. Many
Asian countries have banned classes of toxic chemicals. The Clinton ad-
ministration has stated that, by the year 2000, 75% of US farmers should
be practicing IPM; and it has initiated programs to help farmers to reduce
use of synthetic pesticides (Coble 1998).
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4

Technological and Biological Changes
and the Future of Pest Management

As a biological process, the agricultural enterprise is profoundly af-
fected by the physiological, biochemical, ecological, and genetic attributes
of the organisms involved. Anthropogenic activities within and beyond
the agricultural enterprise have the potential to affect agriculture through
their effects on the biology of organisms, including those in production
(crops and livestock) and pests associated with them. In this chapter, we
examine technological changes that have introduced new sources of mor-
tality for pest organisms and evaluate their potential role in contributing
to pest management in the future. We also examine how human activities
have effected changes in the ecological milieu within which pest-crop
interactions take place and the selection regime under which pests evolve,
and we relate the changes to prospects for pesticide use in the future.

GLOBAL PESTICIDE MARKET TRENDS

Chemical-Pesticide Market

The global chemical-pesticide market is about $31 billion. It is a ma-
ture market with a growth of about 1-2% per year. Breakdowns by prod-
uct category, crop, and by category for region for global and US markets
are shown in Table 4-1 (Agrow 1998) and Table 4-2 (Aspelin and Grube,
1999).
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TABLE 4-1 Global Chemical Pesticide Market (1997 Sales)

Sales, billions
Product of dollars %

Herbicides 14.7 47.6
Insecticides   9.1 29.4
Fungicides   5.4 17.5
Others   1.7 5.5
Total 30.9 100.0

Sales, billions
Crop of dollars %

Fruits, nuts, vegetables 6.5 21.0
Home and garden, turf,
and ornamentals 5.25 17.0

Oil crops 1.75 5.7
Cotton 1.5 4.9
Cereals 4.0 12.9
Maize 2.5 8.1
Rice 2.5 8.1
Sugarbeet 1.0 3.2
Other 5.9 19.1
Total 30.9 100.0

Sales, billions
Region of dollars %

North America   9.2   29.8
Western Europe   7.8   25.2
East Asia   7.1   23.0
Latin America   3.7   12.0
Rest of World   3.1   10.0
Worldwide Total 30.9 100.0

Source: Agrow, 1998.

Biopesticide Market

Biologically based pesticide products (also known as biorational prod-
ucts) generate sales of about $700 million per year (including transgenic
crops) worldwide. The market for these products is expected to expand
by over 20% over the next 5 years. Table 4-3 shows the sales figures for the
global biopesticide market in the last few years and projected for 2004.
These pesticides comprise living microorganisms or pheromones (ani-
mal-produced chemicals that serves as stimuli for behavioral responses in
other individuals of the same species). The most successful biorational
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pesticides are the Bacillus thuringiensis-based (Bt-based) microbial pesti-
cides with current sales of about $140 million. More than 40% of Bt sales
are in the United States. Rapid growth of Bt-based biopesticides is occur-
ring as replacements of competitive chemical products that are being
banned or phased out in environmentally sensitive areas, in consumer
and export markets in which concerns about food residue is high, and in
organic food production.

The Industry

Agricultural-Chemical Companies

Of sales revenue of agricultural-chemical companies 7–13% is spent
on pesticide research and development. The 1997 pesticide sales of lead-
ing agrichemical companies are ranked in Figure 4-1.

TABLE 4-2 US Chemical Pesticide Market by Category (1997 Sales)

Sales, billions
Product  of dollars %

Herbicides 6.8 57.5
Insecticides 3.6 29.9
Fungicides & Other 1.5 12.6
Total 11.9a 100.0

aThis estimate for the US pesticide market is larger than other estimates for 1997 sales
because it includes expenditures for some nonagricultural pesticide applications.  This in-
cludes applications by owner/operators and custom/commercial applicators to industry,
commercial and governmental facilities, buildings, sites, and land; and homeowner appli-
cations to homes and gardens, including lawns.
Source: Aspelin and Grube, 1999.

TABLE 4-3 Global Biopesticide Market (in millions of dollars).

Year
% change

Market 1997 1998 1999 2004a (1999-2004)

Microbial 65 66 67 72 7.5
Transgenic plants 405 429 455 610 34.1
Miscellaneous 180 184 188 208 10.6
Total 650 679 710 890 25.4

aestimated
Source: Eppes, in press.
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Major trends in the agrichemical industry today include

• Consolidation of multinational agrichemical companies.
• Rapid growth of transgenic-crop markets.
• Vertical integration of agrichemical firms with seed companies and

food processors.
• Increase in generic pesticides (because chemicals are going off

patent)
• Increase in consolidation and transformation of input distributors.

Despite those trends, the different companies are investing their re-
sources differently in a wide variety of technologies. Table 4-4 shows
which companies are pursuing the technologies. Table 4-5 highlights the
foci of the companies’ pesticide programs.

Major consolidation of multinational companies is under way. A wave
of consolidations took place in the 1980s. In the 1990s, the merger of
Sandoz and Ciba (forming Novartis) raised the bar even higher, creating
an agrichemical company $2 billion larger than the next largest ($5 billion
versus $3 billion). Business leaders continue to create empires that can
rival Novartis in size. For example, AgrEvo has merged with Rhone-
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Poulenc to form Aventis (about the size of Novartis), and Novartis and
AstraZeneca have merged to form Syngenta.

Another major trend in the market is the rapid growth of biotechnol-
ogy products compared with chemical pesticides, stimulating the vertical
integration of agrichemical companies with seed and food companies.
These biotechnology products, chiefly transgenic-crop seed with pest-
control attributes and herbicide tolerance, are dramatically changing mar-
ket shares of agrichemical firms in soybeans (herbicide tolerance), cotton
(insecticides for bollworm and budworm control), and corn (herbicide
tolerance and insecticides for corn-borer control). Table 4-6 shows the
total sales of transgenic crops relative to chemical pesticides in 1995–1997.

Agrichemical companies have invested billions of dollars to develop
or access crop seed genetically engineered for caterpillar and disease con-
trol and tolerance to herbicide sprays. Monsanto is the industry leader,
with reported investment that totals more than $8 billion to acquire
Calgene, Delta PineLand, Cargill, Ecogen, DeKalb, Agracetus, Asgrow,
Holden’s, and PBI. Other examples are Dow’s purchase of Mycogen and
Pioneer’s $30 million deal with Mycogen to obtain nonexclusive access to
Bt genes for genetically engineered corn seed. Novartis and Mycogen
partnered to launch a transgenic corn seed containing a Bt gene for corn
borer control. A strategic alliance composed of Mycogen, Rhone Poulenc,
and Dow was formed to develop crops with input and output traits.
Other shifts in the industry include the purchase of Plant Genetic Systems
for $750 million by AgrEvo (Hoechst-Schering-Roussel), DuPont’s pur-
chase of 20% of Pioneer for $1.7 billion, and the acquisition of Mogen by
AstraZeneca to complement its share of seed companies (now called
Advanta).

TABLE 4-6 Sales of Transgenic Crops and Chemical Pesticides, 1995-
1997

Sales, millions of dollars
Change,

1995 1996 1997 1996-1997, %

Herbicides 14,280 15,050 14,700 –2.33
Insecticides 8,750 8,745 9,100 4.06
Fungicides 5,855 5,895 5,400 –8.40
Plant-growth regulators
and others 1,305 1,325 1,700 28.30
Total pesticides 30,190 31,015 30,900 –0.37
Total transgenic crops 75 235 650 176.60

Sources: Cultivar, 1997; Eppes, in press.
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There is still heavy reliance on traditional chemicals for weed control,
in part because of the widespread reliance on genetically engineered
glyphosate-resistant crops. Other companies still depend on agrichemicals
for primary income. These same multinationals are also entering into
agreements with food companies to develop crops with value-added
traits. Many agrichemical companies are shifting resources away from
inputs (pesticides) and input traits (pesticidal genes) to output traits.

Examples of these traits are

• Improvements in feed value (for example, corn seed engineered
with phytase enzyme or high levels of lysine, an essential amino acid).

• Higher-quality product (for example, fresh tomatoes with longer
shelf-life or paste tomato with lower water content).

• Greater nutritional value (for example, rice with higher vitamin A
content).

The industry is investing billions of dollars in genomics to character-
ize the genes of entire organisms. Industrial leaders expect that advances
in genomics will lead researchers to the precise location and sequence of
genes that contain valuable input and output traits.

A shift in R&D resources from input to output traits probably would
have a large impact on the future of plant protection. Will the cycle of
innovation on the input side continue? Because of the high investment
required for development of chemical pesticides and transgenic crops,
will large agrichemical and life-science firms focus primarily on crops
with large markets (such as row crops)? Whether companies will develop
pesticides and input traits for minor use crops remains an open question.

A trend in agrichemical industry is the movement of many chemical
pesticides off patent. As these chemicals become generic pesticides, manu-
facturers lose their monopolies on them. Large agrichemical companies
are therefore aligning themselves with generic suppliers of chemical pes-
ticides to reduce erosion in sales of the products that were formerly pro-
prietary products. Several agrichemical companies have purchased out-
right or partially own generic companies. DuPont, for example, has
entered into a joint venture and is now a 51% owner of Griffin. In May
1998, BASF purchased MicroFlo for the same reasons.

As more products become generic, profit margins erode for distribu-
tors, as well as for manufacturers. In response, distributors are consoli-
dating and becoming “basic manufacturers” through acquisitions of pro-
prietary products. For example, Gowan Corp., Griffin, and United
AgriProducts (UAP) have taken this approach.

The consolidation of distributors can take two paths. In the first, a
large distributor can acquire many smaller distributors. UAP, a practitio-
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ner of this approach, is now as large as or larger than many basic manu-
facturing agrichemical companies and has revenues of $2 billion. The
second path is the formation of consortiums of smaller distributors into a
group with more influence than individual firms. In California, for ex-
ample, a group of distributors joined to form a consortium called Inte-
grated Agricultural Producers (IAP). The consolidation of distribution
and agrichemical companies has created some concern for farmers. They
are worried that they will have fewer choices and that prices will go up.
However, the advent of the Internet is tearing down old structures, and
the entire distributor-manufacturer relationship is expected to change for
the benefit of farmers, who will be able to order all their products directly
over the Internet.

One of the most important trends for agrichemical companies is the
growing shift towards the development and registration of reduced-risk
pesticides. In 1993, the Environmental Protection Agency (EPA) began a
program of expedited review of what were classified as reduced-risk pes-
ticides. Expedited reviews can reduce the time to registration by more
than half (EPA 1998). Since the introduction of this program, the number
registered as reduced-risk pesticides has steadily increased. Table 4-7 lists
almost 20 reduced-risk pesticides that have been registered since 1994.

For a pesticide to be considered of reduced risk, it must have at least
one or more of the following characteristics (EPA 1997a):

• It must have a reduced impact on human health and very low
mammalian toxicity.

• It must have toxicity lower than alternatives (0.01–0.1 as much).
• It displaces chemicals that pose potential human health concerns

or reduces exposures to mixers, loaders, applicators, and re-entry work-
ers.

• It reduces effects on non-target organism (such as birds, honey
bees, and fish).

• It exhibits a lower potential for contaminating groundwater.
• It lowers use or entails fewer applications than alternatives.
• It has lower pest-resistance potential (that is, it has a new mode of

action).
• It has a high compatibility with integrated pest management (IPM).
• It has increased efficacy.

The Food Quality Protection Act (FQPA) went further and mandated
expedited registration of reduced-risk pesticides that could be expected
to pose less risk to human health and the environment than other pesti-
cides that meet existing safety standards. Since the enactment of FQPA,
62% of the 48 active ingredients registered have been considered “safer”

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


TECHNOLOGICAL AND BIOLOGICAL CHANGES 155

TABLE 4-7 Reduced-Risk Pesticides registered with US EPA since 1994

Year
Chemical Pesticide type Use registered

Acibenzolar-S-methyl Plant activator Tomato, lettuce, tobacco Pending
Alpha-Metolachlor Herbicide All metolachlor uses 1997
Azoxystrobin Fungicide Turf 1997
Azoxystrobin Fungicide Almond, cucurbit, rice, 1997

wheat
Azoxystrobina Fungicide Grape, banana, peach, 1997

tomato, pecan, peanut
Bifenazate Insecticide Ornamentals 1999
Cadre Herbicide Peanut 1996
Carfentrazone Herbicide Wheat, corn 1998
Cyprodinil Fungicide Stone fruit 1998
Diflubenzurona Insecticide Below ground termite

bait station 1998
Diflufenzopyr Herbicide Corn 1999
DPX-MP062 Insecticide Cotton, tomato, pepper, Pending

cole crops, lettuce, sweet
corn, apple, pear

Fenhexamid Fungicide Grape, strawberry, 1999
ornamental

Fludioxonil Fungicide Corn 1995
Fludioxonil Fungicide Various seed treatments pending
Fludioxonil1 Fungicide Potato 1997
Hexaflumuron Termiticide Below-ground bait station 1994
Hexaflumurona Termiticide Above-ground bait station 1997
Hymexazol Fungicide Sugar beets 1995
Imazamox Herbicide Soybeans 1997
Mefenoxam Fungicide Ornamentals, citrus, nuts, 1996

fruit trees
Methyl anthranilate Bird repellent Food crops 1994
Pymetrozine Insecticide Potato, cucurbit, tomato, 1999

tobacco
Pyriproxyfen Insecticide Cotton pending
S-Dimethenamid Herbicide Corn, soybean, peanut 1999
Spinosad Insecticide Cotton 1997
Tebufenozide Insecticide Walnuts 1995
Tebufenozide Insecticide Pome fruit, cotton, leafy pending

vegetables, cole crops,
sugarcane, pecan, forestry,
fruiting Vegetables,
Ornamentals

Trifloxystrobin Fungicide Pome fruit, grape, cucurbit, 1999
peanut, turf, banana

aNew uses of existing active ingredients.
Source: adapted from Aspelin and Grube, 1999.
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than conventional pesticides, and 77% of the new uses of pesticides have
been considered “safer” (EPA 1999a.) In the year 2000, 10 of the 25 new
chemicals seeking registration are classified as of reduced risk (EPA 2000).
Those facts indicate that many of the new pesticides being registered
meet one or more of the criteria stated above for reduced risk and that
companies are responding to the expedited review of these pesticides by
EPA. The consequence of this response is that future pesticides will pose
even less risk to human health and the environment because they will be
compared with pesticides that are now being registered as of reduced
risk.

Biopesticide Companies

The most successful biopesticide is Bacillus thuringiensis. The market
is dominated by Abbott (68% share), followed by Thermo Trilogy (26%),
Ecogen (4%), and Mycogen (2%). Several small biopesticide companies
(AgraQuest, BioWorks, Consep, Dominion Biosciences, Eden Biosciences
and Mycotech) focus on biological pest control other than with Bt (table 4-
5). New entrants in the last 5 years are AgBio Development, AgraQuest,
BioWorks Inc., Dominion, and EcoSoils Systems. These companies focus
primarily on minor-use crops, such as fruits, vegetables, wood products,
and ornamentals. Some of the products that are getting a foothold in the
marketplace are botanical extracts from the seed of the neem tree (NRC
1991), microorganism-based pesticides that include fungus-based
insecticidees and fungicides, baculovirus, and beneficial nematodes. Many
of the newer products are designed to prevent soil-based diseases from
attacking crops and their roots (Dutky 1999). Because of the lower cost
and shorter time to develop a biopesticide, as opposed to synthetic chemi-
cals or transgenic crops, as seen in Figure 4-2, small biopesticide compa-
nies are able to enter this market. New startup firms develop alternative
technologies for smaller markets that are neglected by larger agrichemical
companies.

Use of Microbial Pesticides in
Integrated Pest Management (IPM) Systems

The use of microorganisms as commercial pest-control agents was
reviewed by Quarles (1996), Rodgers (1993), and Starnes et al. (1993). Bt
by far has the longest history and is the most widespread microbial pesti-
cide in use today. Strengths of microbial pesticides can include

• Safety with respect to nontarget organisms.
• Biodegradability.
• Low cost of development.
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• Suitability for IPM systems.

Drawbacks of microbial pesticides can include

• Short shelf-life of products.
• Inconsistency of efficacy within and between ecosystems.
• Short field residual life.
• Difficulty of use.

Bacillus thuringiensis

Bt-based microbial pesticides are used extensively in vegetable pro-
duction in California because of concern about chemical residues on har-
vested products. These pesticides are also used when there is a need to
decrease selection pressure on diamondback moth and cabbage looper
pests that evolves primarily from heavy applications of conventional pes-
ticides in production of cole, lettuce, and tomato crops (Zalom and Fry
1992).

John Trumble and his colleagues at the University of California, Riv-
erside have done considerable work on Bt in IPM vegetable programs
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(Moar and Trumble 1987, Trumble 1985, Trumble 1990). Trumble reported
higher profits in IPM plots in production of celery and tomatoes relative
to traditional chemical-spray programs (Trumble 1989, Trumble 1991,
Trumble and Alvarado-Rodriguez 1993).

The Hunt-Wesson and Campbell Soup companies have introduced
IPM programs in a large tomato-growing area of Sinaloa, Mexico. Results
of the field tests indicate increases in yield per acre, decreased costs per
ton, and improvements in tomato quality (Moore 1991). Campbell Soup
has reduced the amount of pesticides used by incorporating Bt and other
nonchemical approaches into most of their vegetable growing (W. Reinert,
University of California, Davis, April 8, 1997, personal communication).

Bt has been successfully applied to cruciferous crops for many years
(Sears et al. 1983, Ferro 1993). The practicality of Bt for controlling cotton
caterpillars—such as the Egyptian cotton leafworm, S. littoralis Boisduval
and Helicoverpa spp.—has also been demonstrated (Broza et al. 1984, Daly
and McKenzie 1986). With the advent of transgenic crops, these IPM sys-
tems are no longer useful. The diamondback moth, Plutella xylostella,
which has evolved resistance to all chemical classes and also to Bt, can be
managed with IPM (Metcalf 1989). In Taiwan, two larval parasitoids,
pheromone traps, and Bt reduced pest population densities on cauliflower
and broccoli to less levels than in neighboring, conventionally sprayed
plots (Asian Vegetable Research and Development Center 1991).

A survey of tree-fruit researchers throughout the United States indi-
cated that the integrated use of pheromone mating disruptants, low doses
(one-tenth of the recommended label rate) of pyrethroids, and the full rate
(1 lb.) of Bt is a useful IPM program for leafroller management (Tette and
Jacobsen 1992). The peach twig borer (Anarsia lineatella Zeller) is a major
pest of almonds in California that has been controlled through an IPM
program (Dr. Frank Zalom, University of California, Davis, April 15, 1998,
personal communication). As the organophosphate insecticides are
phased out because of adverse effects on hawks in the almond orchards,
Bt reportedly is an economical replacement for organophosphates.

Bt has been used operationally for controlling forest and tree caterpil-
lar pests for many years (Bowen 1991, Cunningham 1988, Elliott et al.
1993). Bt kurstaki (Btk) is the most widely used insecticide for forest defo-
liators, such as gypsy moth, spruce budworm, western spruce budworm,
forest tent caterpillar, fall cankerworm, and hemlock looper. Improving
the efficacy of Bt sprays continues to be a subject of research, but Btk is a
successful stand-alone product and already has replaced established in-
secticides—such as carbamates, organophosphate, and pyrethroid pesti-
cides—that were once considered essential to the system. The displace-
ment occurred because of a combination of efficacy, economics, and
system-specific attributes.
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Bt tenebrionis (Btt), active on coleopteran pests, has been shown to
control Colorado potato beetle under field conditions (Ferro and Gelernter
1989, Ferro and Lyon 1991, Jaques and Laing 1989) and is now used com-
mercially in IPM systems. Roush and Tingey (1991) reported the develop-
ment of an IPM system for Colorado potato beetle in New York. The
program includes scouting, border sprays, or barriers to trap migrating
overwintering adults and sprays of Btt on small larvae, cryolite on large
larvae, and endosulfan on adults. The system enhances predators and
manages pesticide resistance in potatoes through the use of “soft” chemi-
cals and Btt, and rotation of pesticides in different chemical classes.

Although Btt has commercial promise for control of Colorado potato
beetle, the advent of the pesticide imidacloprid has reduced the use of Btt
substantially. Imidacloprid can provide season-long control when applied
as a potato seed treatment, whereas Btt must be applied weekly when
there are small larvae. Therefore, the chemical is easier and more effective
and has become the product of choice for most potato growers. However,
Colorado potato beetle has become resistant to all chemicals used against
it and is expected to develop resistance to imidacloprid as well.

The discovery of the beetle-active Btt fueled the search for strains
with novel activity. Companies in the Bt arena boast collections of several
thousand Bt isolates. Many new crystal types have been discovered with
activity against nematodes, mites, corn rootworm (Diabrotica spp.), adult
flies, and ants. The potential for use of these new Bt strains in IPM is
unknown. Most of the attention is on finding new genes that can be engi-
neered into plants.

Ecogen and Novartis scientists have used various molecular tech-
niques (including electroporation and transconjugation) to develop prod-
ucts that combine genes from aizawai and kurstaki strains to increase activ-
ity against key lepidopteran pests, such as armyworm (Spodoptera spp.)
and cotton bollworm (Helicoverpa spp.). Novo Nordisk used classical mu-
tation to improve Btt. This strain produces a larger crystal and crystal size
correlates directly with field activity. In addition, fusion of genes from Bt
into baculovirus is being used to expand the host range of Bt. Ecogen has
introduced CryMax, which is a Bt strain engineered to contain multiple
copies of a Btk protein, improving efficacy on target caterpillar pests.

It is well known that Bt remains active against the pest for only sev-
eral hours on plant foliage under typical field conditions because of UV
degradation, rainfall, and other environmental perturbations. In the early
1980s, Monsanto developed a recombinant plant-colonizing pseudo-
monad for delivery of Bt genes, with the objective of improving residual
activity and efficacy of Bt proteins. This concept was developed by
Mycogen into the products MVP™ and M-Trak™. The Bt-bearing pseudo-
monad is killed (to avoid regulatory hurdles for registering recombinant
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microorganisms) and sprayed on the crop as other Bt products are. The
pseudomonad cell is reported to protect the Bt protein from environmen-
tal degradation, thus providing longer residual activity. These Bt prod-
ucts have had modest commercial success. A starch-encapsulation proce-
dure for virus and Bt designed to improve the survival and efficacy of
these microbial products in the field is under development by the US
Department of Agriculture (USDA) Agricultural Research Service (ARS)
in Peoria, Illinois.

Novo Nordisk discovered an enhancer of Bt, a natural substance pro-
duced in the Bt at a very low concentration (Manker et al. 1994, 1995). The
same natural product was isolated previously by University of Wisconsin
researchers as a fungicide, which they called zwittermicin A (He et al.
1994). When the compound is combined at higher concentrations with the
Bt protein, efficacy against the most refractory caterpillars, such as
Helicoverpa zea and Spodoptera exigua, is increased substantially in the field.

New genetically engineered and improved Bt products might pro-
vide more opportunities and choices for growers who use IPM programs.
The most successful Bt products are ones that provide efficacy, ease of
use, and consistency approaching traditional chemical pesticides. Im-
proved armyworm (Spodoptera) and bollworm (Helicoverpa) products are
the most important developments in the use of Bt microbials in agricul-
ture. Bt products could capture a larger market share and replace some
established chemical products. In any case, Bt strains probably will re-
main important replacements for chemical insecticides in fruit, vegetable,
and forestry IPM systems.

Baculoviruses

Although they have not had the commercial success of Bt, baculo-
viruses could have important potential for use in IPM programs. They
have a number of advantages. Baculoviruses are ideal for IPM because as
far as is known, they are safe for nontarget insects, humans, and the
environment. Baculoviruses might, in some cases, be the only effective
biocontrol agents available for controlling insect species (Cunningham
1988) and they provide an avenue for overcoming specific problems, such
as resistance. It is important to have a selection of control agents when
designing pest-management strategies. Because viruses are not likely to
elicit cross resistance to chemicals, they should receive more attention
from university and industrial researchers (Cunningham 1988). The use
of multiple biological products has the advantage of lowering the poten-
tial for evolution of pest resistance. Although practical applications of
viruses are beginning to develop in IPM programs in US agriculture, the
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long-term value of viral approaches for widespread use has not been
demonstrated.

Helicoverpa zea Boddie (cotton bollworm) nuclear polyhedrosis virus
(NPV) was the first baculovirus to be marketed in the United States. It
was developed by International Minerals and Chemical Corporation
(IMC) but marketed by Sandoz under the tradename Elcar in 1976 after
purchase of IMC’s biological products division. Interest in Elcar declined
with the introduction of pyrethroids, which are effective, inexpensive
broad-range insecticides. The properties of viruses suitable for IPM sys-
tems have been well studied (Ignoffo and Garcia 1992).

In Europe, a number of companies—including Kemira Oy (Finland),
Oxford Virology (United Kingdom), and Calliope (France)—have intro-
duced viral products for the insecticide market or are developing them.
Viral products include Cydia pomonella L. (codling moth) granulosis virus
(GV), Neodiprion sertifer (Geoffrey)(European pine sawfly) NPV, Spodoptera
exigua (Hübner)(beet armyworm) NPV, and Autographa californica (Speyer)
(alfalfa looper) NPV. The largest use of baculoviruses is in Brazil, where
Anticarsia gemmatalis Hübner (velvetbean caterpillar) NPV protects 5.9
million hectares of soybeans against the velvetbean caterpillar.

In North America, the effort with baculoviruses has been led mainly
by government agencies (Cunningham 1988, Podgwaite et al. 1991, Otvos
et al. 1989). The US Forest Service (USFS) has registered NPVs to control
Lymantria dispar (L.) (gypsy moth), Neodiprion sertifer, and Orgyia pseudo-
tsugata (McDunnough) (Douglas fir tussock moth) in forestry. The Cana-
dian Forest Service holds registrations for O. pseudotsugata NPV and Neodi-
prion lecontei (Fitch) (redheaded pine sawfly) NPV. US companies actively
involved in baculovirus research are American Cyanamid, Thermo Tril-
ogy, and DuPont.

Louis Falcon (University of California, Berkeley) has demonstrated
the successful use of codling moth granulosis virus in pear, apple, and
walnut IPM systems in California and Washington (personal communica-
tion, May 12, 1991). Organic growers pay $30 per acre-treatment of virus
and make applications five to 10 times per season, in contrast with con-
ventional growers who spray monthly (three times per season) the orga-
nophosphate insecticide Guthion™ at $7.50-10.00 per acre-treatment.
According to Falcon, the cost of total chemical inputs (insecticides, fungi-
cides, acaricides, bactericides) is approximately $360 per season and the
total cost of all pesticides (fungicides, miticides, insecticides), including
the virus for codling moth is $316 per season. In the virus-treated or-
chards, natural enemies can survive to control mite pests, thus eliminat-
ing the need for miticides, which are required in Guthion-treated or-
chards. Although Dr. Falcon’s program has been successful for organic
growers, mainstream fruit producers have not switched to it, because
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Guthion™ is an effective alternative. With the recent development of
Guthion-resistant codling moth populations after 20 years of use and
restriction of the preharvest interval for Guthion by the California De-
partment of Pesticide Regulation, growers have more incentive to adopt
the virus-pheromone IPM program.

Application of baculovirus for control of beet armyworm, Spodoptera
exigua (Hübner) has been well studied in greenhouse systems (Smits et al.
1987a). Such characteristics as dose-response curves, larval feeding be-
havior, application techniques (Smits et al. 1988), timing, and strain (Smits
et al. 1987b) have been integrated into recommendations for operational
use of virus with other control methods. On head lettuce in California, a
beet armyworm NPV was field-tested for 3 years and compared with
chemical insecticides (Gelernter et al. 1986); results indicated comparable
control with methomyl and permethrin.

At the present stage in the development of baculovirus products,
several limitations are associated with the viruses’ use as insecticides. A
major limitation in agricultural systems is the slow rate of kill, which
results in feeding damage. Kill rate, however, is not as crucial in forest
systems, where cosmetic damage is not as important. Reduction of kill
time will rely on improvements in formulation and application in the
immediate future. However, this limitation can be managed in the short
term by using baculoviruses in combination with other insecticides
through IPM.

Lower production costs are essential for both recombinant and wild-
type baculoviruses to compete with classical insecticides. There are active
research programs in both in vivo and in vitro production (Bonning 1996).
Although viruses are less expensive to produce in vivo than in vitro, the
cost still exceeds that of Bt. Viruses are formulated to be applied in the
same fashion as Bt strains. However, for extensive use in IPM, dramatic
improvements in formulation and application technology are needed. In
formulation, knowledge of stability and shelf-life is required to optimize
storage and distribution. In application, droplet size, density, dosage, and
components in the tank mix (for example, stickers, and UV protectants)
need to be optimized.

Another limitation of baculoviruses is their host specificity, which
can reduce their commercial potential. However, the host specificity is
viewed positively from the environmental and IPM standpoints. Two
viruses with relatively broad host ranges are Autographa californica (alfalfa
looper) NPV and Syngrapha falcifera (Kirby)(celery looper) NPV, each of
which kills over 30 insect species. The celery looper virus is reported to
have commercial potential in cotton IPM systems (Wood 1992). Host range
can be broadened through molecular means or by mixing two viruses.

In the long term, the development of recombinant baculoviruses that
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can kill rapidly will allow them to compete more effectively with classical
pesticides. To increase the ability of baculoviruses to kill early, research to
insert specific genes into the baculoviral genome is under way. These
genes will serve as toxins or disrupters of larval development. Among the
proteins being tested for exploitation are Bt endotoxin (which failed to
improve the virus), juvenile hormone esterase, prothoracicotropic hor-
mone (PTTH), melittin, trehalase, scorpion toxin, and mite toxin (Bruce
Hammock, University of California, Davis, November 12, 1998, personal
communication). The knowledge of the molecular biology of viruses has
also promoted interest in modifying and improving baculoviruses with
regard to host range and virulence.

The regulatory process that will be applied to recombinant baculo-
viruses is not yet clear. The recombinant virus system makes it possible to
exploit a variety of proteins, including insect enzymes and hormones and
proteins from other organisms. The recombinant viruses that will prob-
ably be commercialized first in the United States are the ones that carry
genes expressing insect-selective nerve toxins, which are undergoing in-
tensive safety and efficacy testing. In the United States public concern has
not been voiced with regard to the safety of these viruses. However,
objections have been raised in England as to the use of toxin genes in
baculoviruses.

The growth and success of baculoviruses as commercial insecticides
will depend on reducing production costs, developing practical and effec-
tive formulations, optimizing field performance, overcoming regulatory
obstacles, and educating users and the public on their safety. To enable
development of more economical and effective products, R&D efforts
should focus on making improvements in baculovirus production, for-
mulation, and application technologies in conjunction with genetic engi-
neering of the viruses to enhance their kill rates and broaden their host
range.

Entomopathogenic Fungi

Over 500 fungi are regularly associated with insects; some cause seri-
ous disease in their hosts, but few have been used commercially as control
agents. Because of their dependence on specific environmental factors,
such as relative humidity, fungi can be useful tools in IPM, especially as
complements to other products. Fungi infect a broader range of insects
than do other microorganisms, and infections of lepidopterans (moths
and butterflies), homopterans (aphids and scale insects), hymenopterans
(bees and wasps), coleopterans (beetles), and dipterans (flies and mosqui-
toes) are quite common. In fact, some fungi have very broad host ranges
that encompass most of those insect groups. That is true of Beauveria

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


164 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

bassiana (Balsamo) Vuillemin, Metarhizium anisopliae (Metschnikoff)
Sorokin, Verticillium lecanii (Zimmerman) Viegas, and Paecilomyces spp.,
all of which have worldwide distributions; these are the most commonly
used insect pathogens developed for commercial pest-management prod-
ucts (McCoy 1990).

B. bassiana has been identified in many insect species in temperate
and tropical regions and is used for pest control on a moderate scale in
eastern Europe and China. Mycogen produced a B. bassiana-based bio-
insecticide, which has been shown to be highly pathogenic in coleopter-
ans. The fungus also is amenable to mass production of conidia by semi-
solid fermentation. The product has been field-tested against citrus root
weevil. Another B. bassiana strain, researched at the USDA ARS shows
good control of rasping or sucking insects, such as thrips, whiteflies, and
aphids.

M. anisopliae has been most extensively used in Brazil for control of
spittlebugs on sugar cane. Using Metarhizium as the control agent,
EcoScience Laboratories, Inc. has developed infection chambers in which
insects (cockroaches and flies) brush against spores of the pathogen, which
later germinate and infect the insect. However, this product has not been
successfully commercialized.

V. lecanii is a pathogen that has demonstrated good control of green-
house pests, such as Myzus persicae (Sulcer) aphids, on chrysanthemums.
A distinct isolate of V. lecanii was obtained from whitefly and provided
excellent control of greenhouse whitefly, Trialeurodes vaporariorum
(Westwood), and of Thrips tabaci Lindeman on cucumber. V. lecanii was
produced commercially as Vertalec for aphid control and Mycotal for
control of whitefly from 1982 to 1986, and there is a resurgence of com-
mercial interest in its use for control of aphids, whiteflies, and thrips
because these greenhouse pests have developed resistance to chemical
pesticides typically used for their control.

The fungal pathogen Entomophaga maimaiga has been recognized and
used by USFS, states’ departments of natural resources, and university
personnel as a control for gypsy moth (Elkinton et al. 1991). Since its
reappearance in the early 1990s, this pathogen largely has become self-
perpetuating. It should be noted that public research agencies have played
an important role in the development of gypsy moth pest-management
strategies. In fact, the use of Entomophaga maimaiga with Bt and NPVs
exemplifies the trend toward biologically based pest management in
gypsy moth control in the last 10 years.

The effectiveness of fungi in controlling insect pests depends on the
environmental conditions prevailing after application, particularly with
respect to relative humidity. There is a need for research to develop mois-
ture-retaining formulations that allow fungal growth at suboptimal rela-
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tive humidity. Innovative biotechnology can also be used to engineer
desirable traits into fungi and thus improve the effectiveness of some
fungal pathogens. Transformation systems and recombinant-DNA tech-
niques are now being used to study the mechanisms of pathogenicity and
virulence at the molecular level (Carruthers and Hural 1990). Eventually,
all this knowledge will enhance the ability to manipulate the genetics of
these organisms.

Microbial and Natural-Product Fungicides

The use of microorganisms as fungicides was reviewed by Quarles
(1996). There are many commercial microbial biopesticides for controlling
plant pathogens, but they make up an insignificant portion of the fungi-
cide market. Commercial adoption is hampered by the inconsistency of
microbial fungicides in the field. However, as tools in IPM systems, mi-
crobial fungicides (Box 4-1) can be used in rotation with chemical prod-
ucts or stand-alone in conjunction with disease-forecasting models.

Natural products are organic compounds produced by microorgan-
isms, plants, and other organisms. There are few natural-product fungi-
cides for agriculture (Franco and Coutinho, 1991). One is validamycin,
isolated from the bacterium Streptomyces hygroscopicus var. limoneus and
used to control rice sheath blight (Yamamoto 1985). Extensive university
research is focused on microbial control of plant pathogens (Adams et al.
1990, Taylor and Harman, 1990 Weller 1988). It has adressed microbial
physiology or microorganism-plant interactions, especially for root patho-

BOX 4-1
Microbial Fungicides

• SoilGard (Gliocladium virens) for damping-off and root rots
• BioAg 22G, BioTrek 22-G, T-35 (Trichoderma), for damping-off and

root rots
• Trichodex (Trichoderma) for many fungal diseases of vegetables and fruits
• Bio-Save 10 (Pseudomonas syringae) for postharvest Botrytis and P

enicillium
• Epic/Kodiak (Bacillus subtilis) for cotton and legume seed treatment
• Mycostop (Streptomyces griseoviridis) for field, ornamental, and vegetable

diseases
• AQ10 (Ampelomyces quisqualis) for powdery mildew
• Blightban (Pseudomonas fluorescens) for Erwinia amylovora fire blight

Source: Quarles, 1996.
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gens. However, little is known of the identity of the plant pathogen-
inhibiting natural products produced by these microorganisms and it is
an important subject for future research.

The use of Bacillus subtilis as a fungicidal treatment has been demon-
strated on a number of diseases, including cornstalk rot (Fusarium roseum)
(Kommedahl and Mew 1975), onion white rot (Sclerotium cepivorum)
(Utkehede and Rahe 1983), potato charcoal rot (Macrophomina phaseolina)
(Thirumalachar and O’Brien 1977), bean rust (Uromyces phaseoli) (Baker et
al. 1985), apple blue mold (Penicillium expansum) (Sholberg et al. 1995),
and peach brown rot (Monilinia fructicola) (Gueldner et al. 1988). The vast
majority of the work with Bacillus subtilis has concentrated on treatment
of seeds or soil to control pathogens; in general, the use of biocontrol as a
foliar treatment is much less developed than in the soil-rhizoplane envi-
ronment (Blakeman and Fokkema 1982). Foliage has been sprayed with
strains of Bacillus spp. for plant-pathogen control. For example, Sharga
(1997) screened 270 bacilli and found two that provided good in vitro
control of Botrytis cinerea and B. fabae. However, once these microorgan-
isms were applied in the field, a rapid decline in the population of intro-
duced bacilli was observed within 24 hours and was concomitant with
loss of protection against Botrytis. Sharga concluded that the protection
observed in greenhouse tests was due to intense competition for exog-
enous nutrients between Bacillus and Botrytis. In a second study, Baker et
al. (1985) sprayed bean cultivars in the field with Bacillus subtilis and
observed substantial control of rust (Uromyces appendiculatus) for plants
sprayed three times a week.

Bacilli are known to produce antifungal and antibacterial secondary
metabolites (Korzybski et al. 1978). University of Wisconsin and Cornell
researchers have identified a novel fungicidal compound, zwittermicin A,
produced by Bacillus spp. (Stabb et al. 1994, He et al. 1994). The compound
substantially inhibits elongation of germ tubes from Pythium medicaginis
cysts (Silo-Suh et al. 1994). A second fungicidal metabolite produced by
the same strain was recently identified as the known amino sugar
kanosamine (Milner et al., 1996). Wisconsin field data on control of be-
low-ground root diseases for soybean with the Bacillus strain are promis-
ing (Osburn et al. 1995). However, only one report demonstrated its use
as an above-ground treatment; Smith et al. (1993) described suppression
of cottony leak on cucumbers using B. cereus strain UW85.

Another group of previously described metabolites of Bacillus is the
cyclic lipopeptides of the iturin class, some of which are potent fungicidal
agents. These compounds consist of a cyclic octapeptide with seven al-
pha-amino acids and one beta-amino acid with an aliphatic side chain.
There are several groups of iturins that differ in order and content of the
lipopeptide side chain. Generally, a suite of related molecules is produced
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with differences in the length and branching of the aliphatic amino acid
residue. When tested against yeast, Saccharomyces cerevisiae, mycosubtilin
was most active (LC50 = 10 µg/mL), followed by iturin-A and bacillomycin
L (both 30 µg/mL) (Besson et al. 1979). Iturin-C is inactive against fungi,
including Penicillium chrysogenum (Peypoux et al. 1978).

Researchers at USDA ARS have investigated the structure-activity
relationship of the iturins by synthesizing a number of analogues differ-
ing in amino acid chain length. They reported that the activity of the
iturins increased with the length of the fatty acid side chain and the termi-
nal branching in the order iso > normal > ante-iso (Bland et al. 1995) and
that the “amounts of iturins obtained from natural production are inad-
equate to be commercially viable” on the basis of their work with a num-
ber of iturin-producing strains of Bacillus. However, only a small number
of potential Bacillus strains have been screened for fungicidal activity.
AgraQuest is developing a naturally occurring Bacillus subtilis, which has
shown excellent activity for some foliar and fruit diseases. Investigators
isolated it in a screening program directed at new strains with superior
antifungal activity.

EcoSoils Systems, San Diego, California, has a unique approach to
address the short-shelf-life problem of many microbials, such as Pseudomo-
nas-based biofungicides. Industrial scientists ferment on-site continuously
for control of turf diseases on golf courses. The company is applying the
Bioject system to agricultural crops, especially for control of root rot dis-
eases, such as Phytophthora root rot of avocado.

Natural products are another major source of new leads for pesti-
cides. Most companies generate natural-product extracts either internally
or from external sources and test them against test organisms or in mecha-
nism-based screens. There are several advantages in using natural prod-
ucts directly as pesticides or as leads for new pesticides:

• Large diversity of chemical structures.
• High potential for finding new mechanisms of action.
• Lower risk to environment.
• Lower risk of toxicity to nontarget organisms.

Many of the new chemistries in fungicides, insecticides, and herbi-
cides can trace their origins to natural products. For example, glufosinate
is a derivative of bialophos, a natural product derived from Streptomyces
viridachromogens (Leason et al. 1982). The methoxy-acrylate fungicides
arose from strobilurin A, a natural product extracted from a mushroom
(Clough et al. 1992). The active ingredient in the new spinosad insecti-
cides used in cotton is isolated from the naturally occurring soil organism
Saccharopolyspora spinosa (Thompson et al. 1994, Adan et al 1996, EPA
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1997b). The new pyrrole insecticides originated in dioxypyrrolomycin, a
natural product derived from an extract of Streptomyces spp. (Black et al.
1994).

Hypovirulence

Another potential use of microorganisms to protect plants is through
hypovirulence—infection of a plant with benign strains that protect hosts
from later infection by virulent strains. Hypovirulence is caused by a
double-stranded RNA virus that infects the fungus, and reduces its viru-
lence relative to the crop plant. The hypovirulent state can be induced
through infection with viruses and related materials. Hypovirulence has
achieved its widest success in combating chestnut blight, a disease that
radically altered the eastern forest landscape after introduction of an in-
vasive fungus (NRC 1996).

Transgenic Crops

Choice of crop variety has always been a cornerstone of crop protec-
tion, especially for disease and insect control. There are numerous review
articles on plant resistance to insects (Harris 1980, Kogan 1982, Hedin
1983). The sources of resistance to pests in crops have been classified as
nonpreferred, antibiosis, and tolerance (Pfadt 1971). Insect preference for
a host plant is related to physical structure of the surface (hairs, wax, and
so on), color, taste, odor, and light reflection. A resistant variety might be
nonpreferred by virtue of lacking one or more of the preferred factors or
characteristics of the host plant. Antibiosis is the adverse effect of the
plant on the pest, which can be due to a deleterious chemical or the lack of
specific nutrients in the plant. Tolerance is the ability of certain plants to
withstand pest attack by virtue of general vigor or ability to repair tissue
damage caused by a pest attack.

Plant resistance as a pest-management factor has achieved some out-
standing results (for example, against grape phylloxera, woolly aphid,
Hessian fly, and wheat stem sawfly) (Kogan 1982). Desirable features of
pest-resistant plants are specificity, cumulative effectiveness (with effect
on the pest compounded in successive generations), and persistence and
harmony with the environment, ease of adoption, and compatibility with
other IPM tactics (Kogan 1982). Disadvantages of using pest-resistant
plants for pest management include the long development time (3-15
years), genetic limitations (due to lack of available resistance genes), and
evolution of pests that have overcome and are no longer controlled by the
bred-in resistance. To overcome some of the problems associated with
traditional resistance-breeding approaches, transgenic technologies have
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been adopted. Inserting resistance genes from other genomes into a crop
plant can reduce the problems associated with a lack of available resis-
tance genes.

At present, resistance is the predominant defense against several plant
diseases, such as rust diseases, that would otherwise reduce cereal-crop
production in much of the world. In the case of rust diseases, a plant
cultivar generally is resistant to only one race of a pathogen. Other races
of the pathogen can infect the plant, and the shift in the distribution of the
pathogen races leads to a boom-and-bust syndrome of the rust diseases.
Strategies of resistance-gene deployment in which multiple cultivars (with
different race-specific resistance genes) or single cultivars with multiple
race-specific genes are planted in fields have been found to be effective
against the syndrome. Race-specific resistance genes deployed in this
manner can be quite successful in controlling plant diseases (NRC 1996).

Crop seed engineered with a single gene for virus or insect control or
herbicide tolerance is commercially successful (Table 4-3). In 1998, more
than 5 million acres were planted with cotton seed engineered to contain
a Btk gene for caterpillar control; in the same year, 1 million acres were
planted with dual-trait cotton seed (engineered to contain Bt and a gene
expressing herbicide tolerance). Potato containing a Btt gene for control-
ling Colorado potato beetle is also on the market. Cotton, corn, and soy-
bean crops engineered to resist the herbicide Roundup( were launched
during the last 2 years; Roundup Ready( soybean seed was planted on 9
million acres in 1997. Also, Liberty Link( canola and corn seed engineered
to resist glufosinate are on the market. Industrial leaders anticipate that
plants containing chitinase genes and other genes for fungal and bacterial
plant-pathogen control will be on the market in the near future; many of
these newer genetically engineered plant varieties are already undergo-
ing field tests (Figure 4-3).

Transgenic plants, whether engineered to contain an insecticidal pro-
tein, such as an endotoxin protein from Bt or a chitinase gene to control
root rot pathogens, appear to have the same advantages as traditionally
bred pest-resistant crop varieties. For example, cotton engineered with a
Bt Cry IA(c) or (b) protein

• Is selective to lepidopterans.
• Increases the persistence of Bt for season-long control.
• Is compatible with the environment (reducing the use of more toxic

chemical pesticides).
• Is compatible with other pest-management tactics, such as use of

natural enemies or chemical pesticides, aimed at other pests.

In general, transgenic approaches also have the same disadvantages
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FIGURE 4-3 Agricultural-environmental biotechnology modifications, 1987-1998.
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as traditionally bred crops. First, the period needed for development of
transgenic plants—for such steps as finding appropriate genes, tissue-
culture selection process, and backcrossing—is as long as traditional plant-
breeding methods (John Callahan, AgraQuest, Inc., personal communica-
tion, May 22, 1998). Second, although much progress has been made in
the discovery of new genes for introduction into plants, the ability to
introduce the genetic material has surpassed the ability to discover new
genes to engineer. Very few, if any, genes have been found for control of
nematodes, sucking insects, and mites. In cotton, for example, transgenic
plants with Bt genes will provide growers with another alternative for
bollworm, but the need for products that control whiteflies, mites, and
lygus bugs remains. Cholesterol oxidase, an enzyme from the microor-
ganism Streptomyces and discovered by Monsanto Company, is toxic to
cotton boll weevils and has been engineered into cotton plants; the en-
zyme is not effective on other insect pests.

The current choices of transgenic plants that contain single Bt genes
are “first-generation” plants and will be followed by more sophisticated
“second-generation” and “third-generation” plants with greater flexibil-
ity for use in IPM systems. These advances could include plants with
inducible and tissue-specific expression systems whereby expression of
the protein is “turned on” in response to insect feeding or some other
stimulus. Also on the horizon are crops engineered with multiple genes
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(“stacking”). This new advance has been undergoing extensive field trials
over the last few years. Table 4-8 shows the number of field tests of geneti-
cally engineered crops containing one or more genes in 1987–1998.

For example, companies have already introduced crops stacked with
Bt and herbicide tolerance. Crops with multiple genes for proteins with
different modes of action (for example, gene 1 containing Bt is combined
with gene 2 containing a protease inhibitor) will be useful to prevent or
delay development of resistance by a pest. Some protease inhibitor and
lectin genes have been engineered for caterpillar control. Macintosh et al.
(1990) discovered that some protease inhibitors can be combined with Bt
proteins for enhanced caterpillar kill.

A great deal of research has focused on the search for new genes for
plant-pathogen control. In the next 10 years, agriculture will see the intro-
duction of plants engineered to inhibit fungal and bacterial plant patho-
gens. Virus-resistant crops are already on the market.

Another limitation of both traditionally bred and transgenic crops is
the evolution of pests that are unaffected by the bred-in resistance (the
pest develops resistance to the plant resistance traits). This is a key issue
for crops engineered with single-gene pest-control traits, such as Bt. Con-
cerns about adoption of transgenic plants without IPM was expressed by
Gould (1988), who wrote that, “the successful engineering of highly resis-
tant crops could lead to the elimination of IPM techniques that aim at
using intense, pest suppressive measures only when pests are likely to
cause economically important damage.” Considering the advantages and
the cost and time needed to develop new transgenic crops, it is important
to sustain the life of these crops for a long period. Strategies designed to
limit the development of resistant pests on the basis of understanding of
pest population dynamics (such as studies on pest population establish-
ment and growth, genetics, movement, behavior, number of generations
required to develop resistance, and generation time) are critical for opti-
mal and sustained use of transgenic plants in IPM systems.

Much research is still needed to develop effective resistance-manage-
ment strategies and IPM systems incorporating Bt plants. There is a need
for more research on pest genetics, resistance mechanisms, cross resis-
tance, pest behavior and biology, and practical aspects of the implementa-
tion of refuges (for maintenance and development of susceptible insects)
and areawide research on pest population levels and on detection and
monitoring of resistance. The absence of USDA funding and coordination
of public and private research on Bt-resistance management limits
progress on resistance management. McGaughey et al. (1998) state that,
“the challenge to US agriculture is to find ways to design and implement
resistant management programs that will allow a realization of the ben-
efits of this new agricultural biotechnology delivery system, while at the
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same time not jeopardizing the long-term benefits of this environmentally
useful insecticide.” Bt has been used for more than 30 years and is the
most successful biopesticide ever developed. It is important to sustain its
use as a biopesticide spray.

Genetic Engineering of Pests

Most research aimed at pest management based on genetic engineer-
ing has focused on genetic manipulation of crop plants, economically
important tree species (Carozzi and Koziel 1997; Raffa 1989), and bio-
control agents (Hoy et al., 1997, Bonning and Hammock 1996). Less em-
phasis has been placed on engineering of weeds, pathogens, and insect
pest species in ways that would decrease economic damage. However,
the recent successes in stable transformation of mosquitoes based on the
use of Hermes and Mariner transposons (Coates et al. 1998) has provided
more impetus for genetic engineering of pests (Kidwell and Wattam 1998).
The concept of modifying pests by use of classical genetic manipulations
dates back at least to the 1940s, when Serebovsky (1940) and Vanderplank
(1944) suggested that chromosomal abnormalities and hybrid sterility
could be used for insect control. The most heralded success in using ge-
netics for pest control is the eradication of the screwworm from areas of
the United States (Baumhover 1966), Mexico (Krafsur et al. 1987), and
Libya (Vargas-Teran et al. 1994) through release of irradiated, sterile in-
sects. The genetically damaged males released in these programs mated
successfully with native females, which laid eggs that could not develop
properly. Repeated releases finally resulted in population extinction.

A considerable theoretical and empirical knowledge base about ster-
ile-release techniques developed in the 1970s and 1980s (Asman et al.
1981, Whitten and Foster 1975; Davidson 1974, Prout 1978, Foster et al.
1988). More sophisticated genetic manipulation approaches, such as the
use of conditionally lethal genes (Davidson 1974) and chromosomal trans-
locations (Asman et al. 1981), also received attention during that time.
Conditional lethals could spread into populations during favorable times
but could induce a genetic load if they inhibited proper diapause initia-
tion or hindered survival at high temperatures. Release of strains with
single or double translocations could impose a genetic load on a native
population while replacing native genes with those of the released strains.
At least theoretically, a population of malaria-vector mosquitoes or plant-
pathogen-vector planthoppers could be replaced with an artificially de-
veloped nonvector strain (Curtis 1968). Because of the lack of enough
simple success stories, support for this general kind of pest management
declined in the late 1980s and early 1990s (but see Kerremans and Franz
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1995). Nevertheless, the early theoretical and empirical studies deter-
mined the limits and potential of this species-specific control technology.

In the 1990s, entomologists and molecular biologists recognized that
transposable elements, such as the P element in Drosophila, could be used
in a manner similar to, but more efficient than, the use of translocations.
That spurred new theoretical and empirical studies (for example, Curtis
1992, Ribeiro and Kidwell 1994, Meister and Grigliatti 1994). Although
replacement of a native population with insects that had translocations
required release of huge numbers of laboratory-reared insects (at least as
many as in the native population if there was one translocation and no
relative fitness reduction), it seemed theoretically possible to release a
relatively small number of insects that had transposable elements (about
10% of the native population) to replace the native insect strain (Kidwell
and Ribeiro 1992; Ribeiro and Kidwell 1994). A number of laboratory
experiments with Drosophila have shown that a new P element introduced
into a population spreads rapidly and is usually fixed in the population
within 10 generations (Good et al. 1989). An important experiment by
Meister and Grigliatti (1994) demonstrated that, when an alcohol dehy-
drogenase gene was artificially added to a P element, the P element was
still able to invade a Drosophila population. Furthermore, the dehydroge-
nase gene was active in a number of cases.

If a transposon “loaded” with a gene for vector incompetence (inabil-
ity to transmit malaria) (Olson et al., 1996) could be used to transform
Aedes aegypti, the transformed strain could be released into the wild, and
presumably the native malaria-transmitting strains of the mosquito would
become refractory (Crampton et al. 1990, Hastings 1994, Curtis 1994,
Pfeifer and Grigliatti 1996). The same approach could be taken for insect-
transmitted plant diseases. This approach has not been without its critics,
especially in the case of malaria control (Spielman, 1994, Pettigrew and
O’Neill 1997). Some of the major concerns are about getting enough trans-
mission reduction to substantially decrease disease severity (Spielman
1994); about the fact that a transposon that has invaded a native popula-
tion cannot be used again; and about the potential for horizontal trans-
mission of transposons between pest and nonpest species of animals
(Robertson and Lampe 1995).

Another newly proposed approach for driving desirable genes into
native populations involves use of rickettsial symbionts in the genus
Wolbachia (Werren 1997). When a male insect carrying Wolbachia mates
with a female that does not carry Wolbachia, no offspring are produced
because of cytoplasmic incompatibility. The reciprocal cross is fertile, so
the insects bearing the microorganism spread through the population
(Sinkins et al. 1995). Because the Wolbachia is maternally inherited, any
other maternally inherited trait present in the initial Wolbachia-carrying
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insects will “hitch-hike” to fixation. Strategies have been developed that
involve use of strains with Wolbachia and a virus that carries a gene for
disease refractoriness (Sinkins et al. 1997). Other strategies involve isola-
tion of the Wolbachia genes that code for cytoplasmic incompatibility; these
genes are used to transform insect strains directly (Sinkins et al. 1997).

In addition to its use to develop novel control strategies based on
transposons and microorganism-based incompatibility, genetic engineer-
ing could be used to improve the efficiency of classical genetic control
strategies, such as introduction of conditional lethal genes or sex-ratio
distortion genes (Gould and Schliekleman, in prep.). Researchers using
classical genetic techniques have been severely limited in their ability to
find genes that confer conditional lethality or sex-ratio distortion. Each
time a project is developed for a specific pest, a new search must be
undertaken to find useful genes or translocations. With the tools of ge-
netic engineering, promoters and useful genes could be found that would
be effective in many species. Once transformation of diverse insect spe-
cies becomes more routine, it will be possible to transform a variety of
species with appropriate genes.

Whether genetic engineering can be used for the direct control of pest
species is an open question. In many cases, it seems easier to engineer
crop plants for insect and disease resistance than it is to engineer the pest
or vector. Most genetic control strategies to be used on pest species (such
as the insertion of dominant lethal genes) work only for obligately sexual,
outcrossing species (Atkinson and O’Brachta 1999, Thomas et al. 2000).
Because many weeds are self-fertilized, they might not be amenable to
this approach, and other weeds that currently outcross could become
resistant to genetic control by increasing their frequency of inbreeding.
Many pathogens and insect pests are parthenogenetic; these species would
not be candidates for the new genetic control strategies.

Genetic control strategies are exceptionally specific in their action, so
they are likely to be environmentally friendly. Once a genetic control
strategy is put into place, it can maintain itself and not require continued
expenditure of funds. Many obligately outcrossing pests (such as weeds
and household and veterinary pests) could be difficult to control through
plant engineering. There is a need to assess carefully what the niche might
be for direct genetic control techniques. The niche and the environmental
benefits might be larger if substantial funding is used immediately to
support research. If research support is insufficient or too late, the niche
for this environmentally benign control technology could become occu-
pied by other more expensive and less benign techniques. Public concern
about the use of genetically engineered insects could, however, over-
shadow any of the potential environmental benefits of this technology
and could block its implementation.
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Targets of Chemical Pesticides

In the last 50 years, there has been an intensive search for compounds
that will control pests without damaging crops or the environment. Dur-
ing this time, the way the search for new pesticides has evolved with
respect to how it is done and the criteria by which discoveries are judged.
The current methods used to find and develop new pesticides are sophis-
ticated and complex. A new compound has to be not only highly effica-
cious, but also environmentally acceptable. Thus, testing on the environ-
mental behavior and toxicology of a candidate compound comes much
earlier in the discovery process than it did in the past. If a candidate
cannot meet the new criteria for environmental safety, as well as efficacy,
it is not advanced.

The number of compounds that have to be tested before a viable
candidate is found has increased from 2,000 to 40,000–50,000 (Stetter 1998).
There are many reasons for the increase, including environmental regula-
tion. For example, an upcoming material needs to “beat the standard”.
That is, for a herbicide to be truly promising, it has to act at extremely low
rates to outperform the materials alredy being used. Thus, many more
compounds must be screened than would be needed simply to identify a
compound with equivalent efficacy. Another problem is resistance. And,
because many of the known target sites are no longer available, materials
that contain novel modes of action are sought.

The current method of screening for new pesticides starts with high-
throughput screens that can handle hundreds of thousands of compounds
per year. These screens include miniaturized systems in which whole
organisms are grown on microtiter plates or other systems but require
microgram or nanogram quantities of material for tests, which can be run
in a minimum of space and time (Jansson et al. 1997). There is also in-
creased use of mechanism-based screens in either modified microorgan-
isms or in vitro enzyme assays, where a particular molecular or enzy-
matic target is targeted. In most cases the molecular targets are ones that
are peculiar to the pest and are not found in nontarget organisms (for
example, essential amino acid biosynthetic pathways) (Abel 1996). The
advantage of mechanism-based screens is that a search can be restricted
to compounds that will selectively control the pest with less chance of
nontarget toxicity. In addition, with the development of resistance to
many current pesticides, compounds with new mechanisms of action have
become more valuable. Mechanism-based screens potentially can find
compounds that hit new target sites where there is no known resistance.
A limitation is that activity detected with in vitro assays might not show
activity on the whole organism.

Another change in the discovery process for new pesticides is the
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time when research on the mechanism of action begins. In the 1950s to
1970s, research on determining the mechanism of action of new leads
would not begin until after a compound that could lead to a product had
been found or even registered for use. Now this research begins as soon
as a new chemical is discovered to be biologically active. One reason for
the change is to eliminate compounds with high potential for mammalian
toxicity. Companies now start testing for mammalian (and other nontar-
get) toxicity early in the screening process. This has involved the develop-
ment of high-throughput screens to test for nontarget toxicity. Another
reason is to determine whether a new mechanism of action has been
discovered. This information is used to develop new mechanism-based
screens and to conduct computer modeling to guide the synthesis of ana-
logues to locate better, more potent compounds. It is also used to deter-
mine the potential for resistance.

Combinatorial Chemistry

Combinatorial chemistry encompasses systems in which a large num-
ber of chemical compounds are made via multiple parallel synthesis. In
this system, a set of building blocks (N) is coupled through repetitive
steps (x) to synthesize a number (Nx) of different compounds. The process
results in a chemical library of a few hundred to millions of compounds,
depending on the number of building blocks and the number of repetitive
steps (Lyttle 1995.) The technique was first used to make peptides and
oligonucleotides, but more recently it has been adapted to make non-
polymeric small molecules (Warr 1997a). In a recent publication, it was
reported that one person working 7 months was able to generate a 400-
member library of heterocyclic carboxamides; this resulted in identifica-
tion of a herbicidal compound with 4 times the activity of the original lead
compound (Parlow et al. 1997.)

Combinatorial chemistry is often done on a solid support phase,
which greatly simplifies automation, product isolation, and purification.
The disadvantage of this approach is the limited size of the sample, the
functionalization needed for attachment to the solid phase, and the chem-
istries needed for linkers and capping to prevent unwanted reactions
(Warr 1997a). Another problem with combinatorial chemistry is the need
for sufficient diversity in the chemicals being synthesized to optimize the
chances of discovering useful compounds. The latter problem has been
addressed by making “virtual” libraries via specialized software pro-
grams (Warr 1997b) and then synthesizing a small number of compounds
with the highest diversity. This procedure was used successfully to find
an isozyme-specific inhibitor of glutathione-S-transferase (Lyttle et al.
1994).
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Combinatorial chemistry has been widely adopted by many pharma-
ceutical and agrichemical companies to increase the potential for finding
new, profitable products. It has been estimated that a company needs to
synthesize and screen 40,000–50,000 compounds to find a compound that
can lead to a new product. Using traditional methods of synthesis, one
chemist can produce only 50–100 compounds per year. Using combinato-
rial and parallel-synthesis methods, one chemist has the potential of mak-
ing several thousand compounds per year (Warr 1997a). Combinatorial
synthesis is used not only to find new leads, but also to optimize leads.

The compounds generated via combinatorial chemistry are processed
by high-throughput screening techniques, described previously. The ad-
vantage of these techniques is the diversity of structures that can be syn-
thesized and tested. One disadvantage is the size of the sample that is
initially synthesized. The small sample limits the amount of initial testing
that can be done, and in many cases mechanism-based screens or some
simple in vivo initial screens are used (Lyttle 1995). Another disadvan-
tage is that, by their very nature, compounds within a particular combina-
torial library are related. Depending on the measure of diversity used,
combinatorial chemistry might or might not be a good source of broadly
diverse chemistry for lead generation.

Development and Commercialization of New Chemicals

Functional genomics serves as a source of bioassays, monitoring, and
diagnostics. The efficacy of the pesticide is only one of many criteria used
by industrial researchers to determine whether it will be developed. After
finding a new lead area of chemistry that lends itself well to synthetic
modification, additional screens (beyond whole organism screens) are
put into place to determine ecological, toxicological, and environmental
characteristics of compounds. New screens have been developed to deter-
mine the toxicity of compounds (Yamanaka et al. 1990, Swanson et al.
1997). Tests are also conducted early in the discovery process to assess the
toxicity of potential leads to nontarget organisms, such as fish or aquatic
invertebrates. This information is used to guide the synthesis of ana-
logues to try to eliminate nontarget toxicity, if present, while maintaining
activity against the target pest. If nontarget toxicity cannot be eliminated,
the chemical structure is not pursued further.

Screens are commonly used for quickly determining the soil binding
and degradation characteristics of compounds (Lamoreaux 1990; Daniels
and McTernan 1994). These screens determine the leaching potential and
persistence of compounds with the goal of finding compounds that have
the lowest leaching potential and minimal persistence but that still con-
trol the target pest. Compounds that have very high leaching potential or
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long soil persistence are eliminated early in the discovery process unless
there are other applications for which the compounds can be useful (for
example, household pests).

Once a compound with the efficacy needed to control the pest with
minimal impact on the environment and nontarget organisms is found,
the development phase can begin. This is the most expensive part of
bringing a new product to market. Development, testing, and registration
can typically take 8-12 years and cost over $50 million for each pesticide
(IANR 1994). Registration involves at least 142 tests, most of which are
aimed at determining the environmental and toxicological characteristics
of new compounds. EPA will register only those compounds that meet
strict criteria for human and environmental safety. Industrial scientists
must use this same battery of tests to maintain the registration of existing
compounds.

Pesticide research and development have come a long way from the
procedures used to find earlier compounds, such as DDT and related
compounds. There is now a much better understanding of the desirable
and undesirable characteristics of pesticides. Companies have set up sys-
tems to eliminate, early in the discovery phase, compounds that do not
meet the new standards, to ensure that time and resources are not wasted
on compounds that will not be acceptable as pest-control agents.

Application Technology

Pesticides effectively control many insects, diseases, and weeds. How-
ever, to be effective, pesticides have to target the crop or animal of inter-
est. Pimentel (1995) estimated that only 0.00001-1% of the pesticides
sprayed actually reach the target pests. The reasons for the low rate of
interception are many, including the distribution of the pest, the size of
the pest population at the time of application, uncertainty as to how and
when the pest will encounter the pesticide, the use of broadcast sprays,
and drift. One way to reduce the risk posed by pesticides is to increase the
amount of pesticide that reaches the target pest while decreasing the total
amount of pesticide applied to the field. That can be accomplished only
through improvements in application technology (see table 3-1).

Spray drift is one of the biggest concerns regarding the movement of
pesticides to nontarget organisms. Off-target losses can range from 50 to
70% of the applied pesticide because of evaporation and drift (Hall and
Fox 1997). Drift from aerial applications is greatest and that from ground
applications is least (Hall and Fox 1997).

There are several ways to reduce drift. One way is to use spray addi-
tives that affect the drop size of sprays by increasing the number of large
droplets and decreasing the number of small droplets (Hall et al. 1993).
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However, those agents can also affect the spray pattern, and lead to inef-
ficient placement of the pesticide. Another method to decrease the num-
ber of fine droplets during spraying is to use new nozzles that are de-
signed to decrease the number of fine droplets. The nozzles work by
increasing droplet size through a reduction in the velocity of the liquid
just before it is discharged (Ozkan 1997).

Spray additives can also be used to decrease the rate of evaporation of
droplets. It has been shown that the most rapid evaporation occurs dur-
ing the first 20 seconds of flight (Hall et al. 1993). Additives can reduce the
rate. For example, a conventional formulation of permethrin lost 55% of
its original volume after falling 2 m at terminal velocity at 40ºC and 17% at
25ºC. The loss could be reduced to 40% and 9%, respectively, with the
incorporation of an antievaporant in the formulation (Hall et al. 1993).

The use of aerial electrostatic sprays has the potential to increase the
amount of pesticide that reaches the crop while reducing drift. Carlton et
al. (1995) showed that using a bipolar-charge protocol (having an oppo-
site charge on each end of the spray boom of an aircraft) increased depos-
its by a factor of 4.3 on cotton leaves. Penetration into the canopy and
wraparound leaf effects also increased. However, the technology is lim-
ited by the lack of charging nozzles suitable for the commercial market
(Carlton et al., 1995). In addition, the effectiveness of electrostatic spray-
ers depends on environmental factors, such as temperature and relative
humidity, height of the spray boom over the canopy, and distribution of
the pesticide spray throughout the canopy (electrostatic sprayers tend to
deposit most of the pesticide material in the top of the canopy).

Another method of increasing pesticide efficacy while decreasing drift
potential is through the use of air-assisted sprayers, which allow the use
of ultra-low-volume applications of pesticides in oil-based diluents.
Mulrooney et al. (1997) used such a system to increase the effectiveness of
malathion while reducing the total amount of pesticide applied. Bohannan
and Jordan (1995) were able to increase the effectiveness of postemergence
applications of various grass herbicides (sethoxydim and clethodim) by
applying them in oil diluents. Sethoxydim and clethodim applied at 25
and 16% of their recommended dose rates gave over 90% control of yel-
low foxtail (Setaria glauca). However, that was not the case with two other
herbicides, imazethapyr and bentazon, possibly because of the lack of a
suitable formulation that was compatible with oil.

Hooded sprayers, spray towers, and spray tunnels are examples of
mechanical methods for increasing the amount of pesticide reaching the
target while reducing off-target movement (Hall and Fox 1997). However,
the effectiveness of these physical methods varies with environmental
conditions, crop canopy, and other such factors. Research needs to con-
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tinue to determine the most efficacious way to reduce drift using physical
barriers.

Researchers are examining other methods for selective application of
a pesticide that targets the pest while minimizing application to nontarget
organisms. Such methods should decrease the volume of pesticide spray
while maintaining efficacy. Weed-sensing sprayers that use red and near-
infrared sensors to detect the presence of green tissue have been success-
fully used in chemical fallow and hooded sprayers to reduce herbicide
use by 14-90% (Ahrens1994, Hanks and Beck 1998, Blackshaw et al. 1998b.)
However, these sensors and accompanying analytical equipment are rela-
tively expensive, and the sensors are limited by the size of the weed that
can be detected and are affected by environmental conditions, such as soil
type, and wind speed (Blackshaw et al. 1998a).

The use of baits in combination with a pesticide has the potential of
reducing the amount of a pesticide applied while maintaining efficacy.
For example, the amount of malathion insecticide needed for control of
Mediterranean fruit fly (Ceratitis capitata) in Israel was reduced from 1
kg/hectare to 150 g/hectare through the use of baits (Grinstein and
Matthews 1997).

One of the biggest reasons for overapplication of pesticides is varia-
tion in the speed of the application equipment. New technology that con-
stantly monitors ground speed and adjusts the application of the pesti-
cide accordingly is being developed. The primary means of adjusting
application rate is to alter the pressure of the spray. However, because the
performance of many spray nozzles is pressure-dependent, applicators
are limited in how much they can alter the pressure without affecting the
distribution pattern of the spray (Paice et al. 1996). Other systems under
development include use of a direct-injection system in which the spray
volume is kept constant but the amount of active ingredient is varied
(Ghate and Perry 1994).

Precision-agriculture techniques are new technologies under devel-
opment that can vary the amount of herbicide application. In the future,
users might map a field to identify locations of various weed populations
and then select the amount and type of herbicide spray that match the
weed density and population for that area of the field (Paice et al. 1996).
One of the main limitations in adopting these mapping and sensor tech-
nologies is the need for sprayer technologies with rapid response and rate
controllers that can automatically adjust the amount of active ingredient.
Injection-metering devices, twin fluid nozzles, pulsed-nozzle systems, and
rotary-spray generators with prediluted herbicides can decrease response
time to less than 1 second.

Finally, one of the major risks in pesticide application is exposure of
the applicator during the mixing procedures and disposal of used con-
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tainers. Closed systems are being developed for many pesticides through
minibulk systems and innovative water-dissolvable bags, which virtually
eliminate exposure of the applicator to the pesticide during mixing. Fur-
thermore, many companies are providing returnable containers, such as
the “minibulks” (refillable tanks that holds typically 50 to 100 gallons of
pesticide) that greatly reduce disposal costs and risks associated with the
disposable smaller 2.5 gallon pesticide containers (Frei and Schmid 1997).
A closed system greatly reduces exposure to the pesticide because the
pesticide flows from the storage tank directly into the application device
(the sprayer) and only does so if the container is properly connected to the
sprayer. Additional work needs to be done in these technologies to re-
duce the risks even further.

Precision Agriculture

Precision agriculture can be defined as a bundle of technologies de-
signed to adjust input use to variations in environmental and climatic
situations over space and time so as to reduce residues associated with
input use. Many of these technologies rely on space-age communication
and incorporate the use of global positioning systems. Modern irrigation
technologies that adjust input use according to variability in soil and
weather conditions and rely on weather stations and moisture-monitor-
ing equipment are also examples of precision technologies. Precision tech-
nologies have the potential to increase input-use efficiency, increase
yields, and reduce residues of chemicals that can contaminate the envi-
ronment. In many cases they can lead to input saving; but in others, the
yield effect can also entail increased input use (NRC 1997).

There has been substantial variation in rates of adoption of what can
be generically defined as precision technologies. Some modern irrigation
technologies have high rates of adoption in high-value crops. Some com-
ponents of precision agriculture, such as yield monitors, are gaining ac-
ceptance among grain producers. But overall rates of adoption of many
components of precision agriculture have not been high (NRC 1997). Al-
though some of the technologies can be obtained through consultants,
adoption can be hampered by the cost of investment. Furthermore, the
management software needed to take advantage of this highly technical
information has not been fully developed. Assuming that management
software does become available, adoption of precision farming technolo-
gies is likely to accelerate as their costs decline and productivity increases
are demonstrated.

Precision technologies will allow farmers to take advantage of a wider
arsenal of pest-control tools, to adjust application rates, and to target
areas where pest problems are most severe. Because agricultural pollu-
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tion can result from pesticides that do not reach their intended targets,
precision technologies have the potential to reduce pesticide emissions
into the environment and to reduce the negative side effects of pesticide
use. However, precision agriculture is early in its adoption phase, and
environmental benefits are not proved. Future research should focus on
environmental impacts of precision technologies in the field and water-
shed scales (NRC 1997). The emergence of precision technologies is con-
tributing to the increased value of information in agriculture, and it could
also contribute to the value and use of agricultural management consult-
ants who have access to data and analytical capability and can provide
effective management strategies that take advantage of large bodies of
information.

Remote Sensing and Pest Management

Satellite and airborne remote sensing data, coupled with geographic
information systems and global positioning satellites, are potentially pow-
erful tools for monitoring pest infestations and their crop impacts. Re-
mote sensing has been effective in identifying new colonies of weeds in
low-access areas and monitoring the spread of metapopulations (Lass
and Callihan 1997, Lass et al. 1996, Everitt et al. 1993, Carson et al. 1995;
Anderson et al., 1993). Thus, this technology can help to set priorities for
herbicide application and to direct treatment to the locations where it can
have the greatest impact on weed populations. In addition, airborne sen-
sors that detect multispectral reflectance differences between crop and
other vegetation canopies can identify crop-vigor variation in response to
insect pests and plant pathogens (UC Davis, 1997; Baldy et al., 1996; Hill
et al., 1996; Kline et al., 1996; Liedtke, 1997; Vickery et al.; 1997; Ustin et al.,
1997). As this technology is improved, it is likely that pesticide use will
decrease with the change from whole-field to pest-location-specific appli-
cations. Remote sensing for pest management in forest ecosystems has
been widely used for several decades. Proposed improvements in appli-
cation of remote sensing for pest management include increased avail-
ability of sensors, improvements in quality of images, and increased reso-
lution of the spectral information (UC Davis, 1997).

A large number of earth-observing satellites scheduled for launch in
the next few years will enable specific monitoring of environmental con-
ditions and natural-resource management. Some commercial multispec-
tral satellites will be collecting hyperspatial data (with spatial resolution
of 1-5 m), and many others will be in resoulution range of 5-100 m. Other
satellites will collect multispectral data in hundreds of bands (NASA
1998). Remote sensing is likely to become an increasingly important tool
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for identification of pests and their impacts and later for site-specific ap-
plication of pesticides.

Increasing Knowledge of Pest Ecology

Population dynamics, the field of ecology most relevant to pest man-
agement, has become a mature field of inquiry in the last 20 years. Many
of the broad generalizations made in the past have been reassessed be-
cause they failed to explain important patterns in the populations of plants
and animals (Denno et al. 1995, Kareiva 1993). Recent advances in popu-
lation dynamics, at both theoretical and empirical levels, are applicable to
agricultural systems (Kareiva 1996, Turchin 1999).

Insects and early-successional plant species have figured prominently
in many basic studies of population dynamics because they are promi-
nent parts of the landscape and because their population fluctuations can
be monitored and manipulated within a reasonable time and spatial
scales. Scientists with basic and agricultural job responsibilities have co-
operated in some major studies because the goals in both are similar: the
prediction of future population densities. An intellectual synergism has
often resulted from such cooperative studies (Murdoch et al. 1984).

Biological-control researchers can boast of many successes, but the
factors that lead to success or failure are rarely understood. Work by basic
and applied scientists led to the careful dissection of the population dy-
namics involved in successful biological control of the citrus red scale
(Murdoch et al. 1995, Murdoch and Briggs 1996). Insights gained from
that work could help in designing future biological-control efforts aimed
at this and other pests. Recent work on interactions among predators of
herbivores (Rosenheim 1998) has shown that two species of predators are
not always better than one in decreasing population densities of herbi-
vores. That is an important issue in designing biological-control systems.
Finally, the finding that plants, in response to damage by a herbivore,
produce specific compounds that then attract parasites and predators of
that herbivore also offers new insights into patterns of insect population
densities (Tumlinson et al. 1998). These and other new findings could be
used in breeding crop cultivars that are more compatible with biological
control (NRC 1996).

Herbicide costs are an important component of agricultural produc-
tion in some crop systems. Knowledge that allows for decrease in herbi-
cide use can improve agricultural efficiency in those systems. Without an
understanding of weed population dynamics, the decision to forgo the
use of a herbicide can be risky. Research on weed population dynamics
(Cousens and Mortimer 1995) indicates that long-term predictions about
weed densities might not be possible, but that shorter-term, more specific
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predictions are. New crop-specific models (White and Coble 1997) have
been developed and have been proved useful in predicting whether her-
bicide treatment is economically justifiable. In other systems, research is
under way to determine whether certain crop cultivars or combinations
of plantings can be developed that will regulate weed populations at low
densities with little input of herbicide and cultivation (Jordan 1993).

One of the major drawbacks in using ecological knowledge in agricul-
ture is the information-processing and communication barrier. It will take
time before most farmers are routinely using on-line extension informa-
tion and maintaining their own computer-based records, but the transfor-
mation is under way. As ecological knowledge of pest population dynam-
ics improves and becomes more accessible to farmers, the risks inherent
in decreasing (or tailoring) pesticide can be diminished. In the last de-
cade, there has been a tremendous increase in Internet-accessible infor-
mation on pest identification and pest biology. Web pages are also being
developed to help farmers with identification of the beneficial organisms
in their fields. It is challenging to link the basic Web pages to interactive
programs that can offer alternative solutions to problems associated with
an identified pest. As more information is available on the impact of
specific pesticides on specific beneficial organisms, it should be possible
for farmers to choose pesticides according to which beneficial organisms
are in their crops. Studies of population dynamics of plant pathogens
have been hampered by our inability to monitor fungi, bacteria, and vi-
ruses when they are at low densities.

Decision-Support Systems for Pest Management

A wide array of issues—including crop productivity, environmental
protection, and profitability—creates a complex background against
which agricultural producers or professional managers are expected to
make decisions about optimal pest management. Decision support sys-
tems (DSS) can condense the knowledge base required to make decisions
through the use of models and databases of expert knowledge (Wagner
1993). DSS are defined as knowledge-based systems that help producers
and managers to make strategic and tactical management decisions on
pest-control treatments, time of planting and harvesting, cultivar selec-
tion, and marketing options (Plant and Stone 1991). Moulin (1996) de-
scribed two types of DSS. The first consists of models based on produc-
tion functions calculated with empirical or mechanistic relationships
between variables, such as soil properties, temperature precipitation, and
yield. The models can be used to improve understanding of biotic and
abiotic factor relationships with production or as management tools for
decisions related to production. Models of the second type are used stra-
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tegically to provide supportive information for broad policy decisions or
tactically to provide specific recommendations. Most pest-management
DSSs are of the second type and are based on rules derived from expert
knowledge; they are often focused on pesticide selection rather than a
complete set of management practices for managing a particular pest. The
low representation of alternative tactics in DSSs is a result of inability to
predict the outcome of these tactics. Cultural and biological pest-manage-
ment tactics rely on more subtle influences on pest populations; so more
environmental factors play a role in determining population dynamics
and there is greater variability in success rates. DSSs have not been exten-
sively used by producers because of the sparseness of specific informa-
tion input requirements (NRC 1997).

ECOLOGICAL CHANGES AFFECTING AGRICULTURE

The distribution and abundance of organisms on the planet have long
been influenced by global environmental change. For the most part, such
changes have taken place on geological time scales. In recent years, how-
ever, it has become apparent that anthropogenic changes in global envi-
ronments can affect the distribution and abundance of organisms on
 ecological time scales. Over the last 2 centuries, industrialization, urban-
ization, and agricultural development have contributed to alterations in
global environmental patterns that are historically unprecedented in their
magnitude. Among the forms of environmental change most likely to
affect American agriculture and forestry, several stand out: an increase in
atmospheric carbon dioxide resulting from fossil-fuel combustion, and a
concomitant increase in temperature; stratospheric ozone depletion linked
to chlorofluorocarbon emissions, and a consequent increase in exposure
to short-wave ultraviolet-B radiation; increases in the frequency of bio-
logical invasions associated with internationalization and globalization of
trade; and an increase in extinction rates due to expansion of develop-
ment, particularly in tropical regions. Each of those has the potential to
alter the relationships among agricultural and forest pests, their hosts,
and growers or producers.

Carbon Dioxide and Global Warming

Increases in rates of fossil-fuel consumption worldwide have steadily
increased atmospheric concentrations of carbon dioxide over the last 100
years. Increased carbon dioxide has two potential impacts on agricultural
productivity. First, as a critical resource for photosynthesis, carbon diox-
ide availability can affect growth rates, yields, and chemical composition
of both crop plants and weeds. Generally, increases in carbon dioxide

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


TECHNOLOGICAL AND BIOLOGICAL CHANGES 187

concentrations are associated with increases in productivity, particularly
for annual crops. In the case of annual crop plants exhibiting C3 photo-
synthesis, such productivity increases average about 30% with a doubling
of contemporary carbon dioxide (Cure and Adcock 1986,Rogers and
Dahlman 1993). Individual species vary, however, in their responsiveness
(C4 plants—such as corn, sorghum, sugar cane, and millet—exhibit a
considerably lower response). The available evidence suggests that some
direct growth and physiological responses to increased levels of carbon
dioxide would be less dramatic in woody plants than in annual crops
(Watson ey al, 1996). Conversely, woody plants show greater alterations
in secondary chemicals than do annual plants and thereby could show the
greatest alterations in resistance to insects and pathogens (Penuelas and
Estiarte 1998).

Differential impacts on weedy species and crops could affect the eco-
nomic impacts of weeds. Outcomes are difficult to predict. C3 plants tend
to benefit to a greater extent from the “carbon dioxide fertilization effect;”
Watson et al. (1996) estimate that, although 80 of 86 of the plant species
that contribute 90% of per capita supplies of food are C3 plants, only four
of 18 of the worst weed species are C3 plants. One possible outcome of
increased carbon dioxide, then, might be a change in the composition of
the principal weed flora.

Changes in carbon dioxide can alter plant composition, as well as
plant growth rates. Under conditions of increased carbon dioxide, the
production of nonstructural carbohydrates in many species is increased
and protein and mineral-nutrient concentrations decline (Mooney and
Koch 1994). Exposure to increased carbon dioxide can also lead to an
increase in root:shoot ratios. Such changes in tissue composition and bio-
mass allocation can have important affects on the extent and distribution
pattern of herbivore or pathogen damage. In particular, dilution of pro-
tein and mineral nutrients by increases in nonstructural carbohydrates
can lead to compensatory increases in food intake by herbivores (Slansky
1992) and concomitant increases in tissue losses. Increases in starch con-
tent of weed species and increases in allocation of biomass to roots or
rhizomes could potentially reduce herbicide efficacy, particularly in C3
weed species.

Increased carbon dioxide also has the ability to affect plant-pest rela-
tionships through by affecting global temperatures. Through the “green-
house effect”, increased carbon dioxide is predicted to increase average
global temperatures by 1.5–4.5°C. Such an increase in temperature can
have profound effects on both crops and pests. Higher temperatures can
lead to a variety of problems in crop plants. Many critical developmental
processes have relatively narrow optimal temperature ranges and are
sensitive to excesses. Increased temperatures can affect the quality of vari-
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ous cool-season crops, which have winter chilling requirements for bud
set (for example, apple, cherries, and other tree fruits) or require lower
night-time temperatures to maximize quality (for example, spinach and
broccoli). Excessively high temperatures can also affect pollen viability, as
in maize (Schoper et al. 1987) or tuber initiation  with potato (Kooman et
al. 1996). Another manifestation of the greenhouse effect is increased vari-
ability in temperatures; extremes in weather conditions can cause losses
in a wide array of crop types.

Global warming can increase pest problems in agriculture and for-
estry as a result of expansion of insect, weed, and pathogen ranges into
hitherto inhospitable regions. Temperature can influence surrounding
developmental rates, fecundity, and activity of individual pests, as well
as the size, distribution, and continuity of populations of pests (Drake
1994). Cold temperatures limit the distribution of many insect pests, par-
ticularly those of tropical origins. At present, for example, the red im-
ported fire ant (Solenopsis invicta), accidentally introduced into North
America from Brazil, is effectively restricted to southern states, where
they cause considerable damage (Callcott and Collins 1996). This distri-
bution parallels that of the introduced Apis mellifera scutellata, the so-
called African (“killer”) bee, initially brought to Brazil from Africa and
now reported to occur in the US South and Southwest. Porter et al. (1991)
predicted that, in Europe, a 3–6°C increase in European temperature by
2025-2070 could expand the range of the European corn borer Ostrinia
nubilalis by 1,220 km northward; Mochida (1992) predicted that a 3°C
increase in temperature in Japan would lead to expansion of the ranges of
eight major pests of rice or soybean. Damage inflicted by agricultural and
forest pests could potentially increase as a result of decreased develop-
ment time and increased voltinism. An increase in the number of breed-
ing cycles per season raises the possibility that resistance to insecticides
could evolve more rapidly.

A reduction in winter temperatures could increase the severity of
plant-disease outbreaks; disease problems tend to be exacerbated under
such conditions. Presumably, pathogens could also experience range ex-
pansion as a result of warming trends. Disease incidence and severity are
subject to change in animal agriculture. Increases in average tempera-
tures are predicted to increase the activity of vector species, such as culicid
mosquitoes, and microorganisms of tropical origin could make inroads at
higher latitudes.

Constraining any definitive predictions of impacts of increased car-
bon dioxide is the acknowledged buffering capacity of genetic adaptation
and technological change. There is considerable evidence of genetic varia-
tion in temperature tolerance among crop cultivars and it is well docu-
mented for such important crops as wheat, rice, maize, and soybeans
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(Watson et al. 1996). Existing agronomic practices have the potential to
ameliorate adverse effects of increased global temperatures; the greatest
uncertainty lies in whether economic systems have the flexibility to incor-
porate the necessary technological innovations in a timely way.

Increased Ultraviolet-B Radiation

As a result of stratospheric ozone depletion, due principally to emis-
sions of chlorofluorocarbons, levels of ultraviolet-B-radiation (UV-B) (280-
315 nm) reaching the earth’s surface have increased in all temperate lati-
tudes (Madronich 1993). Increased UV-B radiation is an environmental
stress factor that can alter the physiology and development of terrestrial
plants in several ways (Caldwell et al. 1989, Tevini 1993), ranging from
such cellular and subcellular effects as DNA damage and degradation of
photosystem II proteins to such whole-plant effects as stunting, shorten-
ing of internodes, alterations in root:shoot biomass ratios (Tevini and
Teramura 1989), and alterations in plant primary and secondary chemis-
try (Ros and Tevini 1995,;McCloud and Berenbaum 1994). At the ecologi-
cal level, these developmental effects can manifest themselves as yield
reductions in several crop species (Tevini 1993). Increased UV-B can also
affect interspecific competition in plants (Gold and Caldwell 1983), re-
duce plant resistance to pathogens (Orth et al. 1990, Panagopoulous et al.
1991), affect pollinator-plant relationships (Collins et al. 1997, Feldheim
and Connor 1996), and alter host-plant suitability for herbivores (McCloud
and Berenbaum 1994).

Plants have the capacity to reduce damaging effects of UV-B in sev-
eral ways. Among these is the production of compounds that absorb dam-
aging wavelengths of UV radiation. In several plant species, increased
UV-B exposure induces production of flavonoids and other phenolics
(reviewed in Caldwell et al. 1989.). Plants can also ameliorate the oxida-
tive damage brought about by UV exposure by enhanced synthesis of
enzymatic and nonenzymatic antioxidants (Larson 1988). Alpha-toco-
pherol, ascorbic acid, and glutathione are all effective scavengers of reac-
tive oxygen species and in several temperate crop species increase in
response to UV exposure (Foyer 1993, Grace and Logan 1996).

Inasmuch as antioxidant defensive compounds also serve as essential
nutrients for insects, UV-B exposure can potentially increase plant suit-
ability for herbivores. Indeed, Hatcher and Paul (1994) found that el-
evated UV-B increased nitrogen content of Pisum sativum and digestibility
of its foliage by Autographa gamma, a caterpillar. This enhanced nutritional
suitability, however, appears to be counterbalanced in other plants by
increases in phenolics, flavonoids, and other UV-screening compounds,
many of which are toxic or deterrent to insects.
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Predicting overall effects of increased UV-B levels on US agriculture
is difficult because of the scarcity of appropriate studies. The impact might
be minimal. Genetic variability in resistance to UV-B has been docu-
mented in crop species (Teramura 1983, Teramura and Sullivan 1991,
D’Surney et al. 1993) and weed species (such as Plantago lanceolata;
McCloud and Berenbaum 1994); this allows for the possibility of adapta-
tion in the case of weeds and selective cultivar use in the case of crop
plants. Moreover, the nearly universal adoption of the Montreal protocols
for global reductions in chlorofluorocarbon production suggests that
ozone depletion could diminish, rather than accelerate, in the future.

Increased Frequency of Biological Invasions

Biological invasions constitute a form of global change as devastating
ecologically and economically as more widely recognized global climatic
changes (Vitousek et al. 1996). The growth of agriculture, industry, and
development over the last 200 years has led to redistribution of species in
all major taxa. In the United States, for example, over 5,000 species of alien
plants have been introduced and established, infesting over 100 million
acres of terrestrial and aquatic habitats; the acreage occupied by these
plants is increasing 8–20% per year. The proportion of the flora that is
made up of alien weeds varies by state from less than 10% to, in the case
of Hawaii, almost 50% (Pimentel et al. 2000).

The impacts of alien species on agriculture and forestry are enormous
(Niemela and Mattson 1996). Many of the introduced species are them-
selves pests; life-history attributes that are conducive to colonizing new
habitats—including exploitative reproductive traits, broad resource re-
quirements, small bodies, and high vagility—predispose these species to
pest status. That problem is compounded by the fact that many species
that are not pests in their native range become important pests in their
new, acquired range because factors that historically regulated their popu-
lation, such as natural enemies, are not present. Moreover, introduced
species can act as disease vectors and facilitate the entry of new pathogens
into nonnative agroecosystems.

Introduced species can reduce yields by removing crop biomass di-
rectly (as in the case of alien insects) or by competing with crop plants for
water, minerals, or light for photosynthesis. Introduced species can also
cause problems by altering trophic dynamics and ecosystem structure.

Forest ecosystems in North America have been radically altered, and
dominant species driven to near extinction, by such invasive pests as
chestnut blight, gypsy moth, and balsam woolly adelgid (Niemela and
Mattson 1996). On rangeland, toxic species can poison livestock (even, on
occasion, pollinator species); in agricultural and forest ecosystems, intro-
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duced species can alter drainage patterns and accumulation of biomass
and create fire hazards. Cheatgrass, a fire-adapted annual, has invaded
over 5 million hectares of shrub-steppe habitat in the Great Basin and, by
eliminating native perennials, contributed to the frequency of fires, which
increased by a factor of 20 (Vitousek et al. 1996).

Introduced species, via introgression and hybridization with native
species, can also interfere with evolutionary processes (Darmency 1997),
with many possible outcomes, including extinction of native species, in-
troduction of pesticide-resistance genes into susceptible genomes, and
transfer of agriculturally undesirable traits into native species. All told,
the management of alien weeds alone in the United States exacts a cost of
$3.6–4.5 billion per year (Westbrooks 1998).

As for the impact of biological invasions on the future of pesticide use
in the United States, suffice it to say that some of the most controversial
examples of pesticide use in the last half-century have involved attempts
to eradicate introduced species. An ill-fated campaign launched in 1957 to
eradicate Solenopsis invicta, the red imported fire ant, culminated in ex-
pensive failure, public concern, and political concern about the safety of
the chemical control agents used (Kaiser 1978, Hinkle 1982). Efforts to
contain Mediterranean fruit flies (Ceratitis capitata) in California in 1989-
1990 with malathion-laced baits have also led to a public outcry (Myers et
al. 1998). Pesticides have often been used initially to eradicate localized
populations of introduced species because they kill more quickly than do
most biological control methods. Such use, while often highly desirable in
agricultural contexts, might be less appropriate for eradicating nonnative
species in preserves, refuges, and wildlands, where use of chemicals is
inconsistent with management practices and can pose unacceptable risks
to nontarget species, and in urban green spaces, where pesticide use can
present unacceptable risks of exposure to large numbers of people.

In view of the increasing globalization of trade, accidental introduc-
tions will probably increase in frequency in the near term. Possible conse-
quences of this accelerated pace of invasion are increased frequency of
pesticide failure due to resistance acquisition and increased demand for
narrow-spectrum chemicals or biologically based approaches.

Loss of Biodiversity

Whether accelerated biodiversity loss contributes a separate form of
global change or is the consequence of the combined effects of many human-
caused forms of global change is debatable. What appears to be clear, how-
ever, is that extinction rates globally are higher than rates recorded in the
recent past (Pimm et al., 1995; Purvis et al., 2000; Wilson 1993). Effects of
biodiversity loss on agriculture vary with site and system. In general, how-
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ever, potential effects include loss of critical germplasm for crop improve-
ment, breakdown of such mutualistic associations as those between pollina-
tor and plant and between plant and mycorrhizae, and decrease in availabil-
ity of natural enemies for use in biological-control programs. With respect to
direct effects of extinctions on pesticide use, in that natural products have
often provided leads for development of chemical control agents (or have
themselves served as control agents), biodiversity loss could eliminate
potential sources of new chemicals that have novel modes of action or novel
sites. In a review of all articles appearing in 1996 in over 130 major journals
dealing with natural products, Claeson and Bohlin (1997) tabulated the num-
ber of publications that reported a wide range of types of biological activity.
In that single year, over 150 publications documented pesticidal activity of
some sort (insecticidal, antifungal, pheromonal) (Table 4-9). Many random-
screening efforts focus on floras and faunas in regions of the world at great-
est risk of biodiversity loss through extinction (such as tropical rain forest)
and could be compromised as well.

EVOLUTIONARY CHANGES IN PESTS

Evolutionary interactions between pests and farmers predate conven-
tional pesticides by thousands of years (Day 1974). Evidence of such inter-
action is best preserved in weed characteristics that enable specific geno-
types to avoid effects of traditional cultural control practices. As a result
of changes in their timing of reproduction and seed size, some weed
populations display resistance to winnowing, a process used by prehis-
toric and modern farmers to eliminate weed seeds from grain seeds, in-
cluding those being saved for the next season’s planting (Gould 1991).
Other genotypes produce seedlings that physically resemble crop seed-

TABLE 4-9 Number of Papers Published in 1996 that
Report on Biologically Active Natural Substances

Activity No. of Publications

Anthelmintic 13
Antibacterial 176
Antifeedant 19
Antifungal 91
Insecticidal 10
Molluscicidal 7
Pheromonal 52
Plant-growth modulating 17

Source: Claeson and Bohlin, 1997.
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lings and thereby decrease the efficiency of hand and hoe weeding proce-
dures (Barrett 1983).

The historical record of insect and microorganisms adaptation to tra-
ditional agricultural practices is harder to trace than that of weeds, but
there is evidence that prehistoric crop breeding indirectly produced culti-
vars resistant to pest attack. In turn, pest genotypes that are capable of
surviving on these traditional cultivars have evolved (for example, sheath
blight fungal genotypes found on traditional Tibetan cultivars of rice). In
recent history, a major corn pest, Diabrotica barberi (northern corn root-
worm), has adapted to the yearly rotation of soybean and corn by main-
taining a quiescent egg (diapause) for an additional year (Krysan et al.
1986, Fisher et al. 1994); then eggs hatch in the season that corn is planted.
New data indicate that a closely related corn pest, the western corn root-
worm Diabrotica virgifera, has evolved in a different way to avoid the
effect of corn-soybean rotation (Sammons et al. 1997). It feeds on corn, but
late in the season it lays many of its eggs in soybean fields, which with
crop rotation, will become cornfields in the following year.

Even biological control is not immune to the effects of pest evolution.
A number of studies show that pests can evolve resistance to their parasi-
toids (e.g. Petersen 1978, Henter and Via 1995) and pathogens (e.g., David
and Gardiner 1960, Alexander et al. 1984). But one unique advantage
possessed by self-perpetuating biocontrol agents is their ability to re-
spond evolutionarily to changes in the pests (Sasaki and Godfray 1999,
Fellowes et al. 1998).

As explained in chapter 2, there has recently been much well-de-
served attention to the evolution of pest resistance to synthetic pesticides.
Carefully maintained records show that over 500 insects, 200 weeds, and
160 pathogens have evolved resistance to at least one pesticide (Delp
1988; Bills and Whalon 1991; Ffrench-Constant 1994; Georghiou and
Lagunes 1988; Heap 2000; Holt et al. 1993; NRC 1986; Warwick 1991).
Many pests are documented to have become resistant to new pesticides in
less than 3 years (Forgash 1984, Shelton and Wyman 1991, Sun et al. 1992,
Schwinn and Morton 1990). Unlike biological control agents, synthetic
pesticides cannot respond evolutionarily to pest adaptation. That response
is the responsibility of modern agriculture. A major factor in the “pesti-
cide treadmill” involves two responses to pesticide resistance. The first is
to increase the dose and frequency of use of the less effective pesticide
(Georghiou 1986); this typically results in higher levels of pest resistance
and damage to natural enemies and the environment. The second re-
sponse is to develop and commercialize a new pesticide. The treadmill
concept assumes that this two-step process will continue until the pest
meets a resistance-proof pesticide or until the supply of effective new
pesticides is exhausted.
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There are certainly cases in which specific pests seem to lack genetic
variation for adapting to a particular pesticide (such as the boll weevil
and the organophosphate Guthion). But there are also cases in which, in
the absence of new pesticides, a resistant pest has caused the collapse of a
cropping system (such as Canyete Valley and Nicaraguan cotton indus-
tries, Barducci 1972). A difficult question for the future is whether prod-
ucts and approaches can be developed to ensure efficacy against specific
pests.

One generalization that emerges from agricultural history and evolu-
tionary theory is that the greater the impact of control measures on pest
populations, the more extreme are their evolutionary responses. For ex-
ample, traditional winnowing procedures were not very efficient, so
weeds could find their way into seed bags without great resemblance to
the crop seed. Modern winnowing procedures are highly efficient, so only
the weed genotypes that precisely mimic the crop escape detection (Gould
1991). It is the hope of modern agriculturists that they can make the re-
quirements for pest adaptation so stringent that pest evolution by natural
selection will fail. That was certainly the hope of some early advocates of
the use of insect hormones and pheromones in control; some even went
so far as to suggest that counteradaptation to hormones was unlikely or
impossible (Williams 1967). Early on, that proved not to be the case, how-
ever and multiple studies have demonstrated that this group of control
substances rapidly selects for resistance. Within a few years, simple labo-
ratory experiments resulted in resistant insects (e.g., Shemshedini and
Wilson, 1990).

In recent years, many synthetic pesticides have been developed that
are more toxic to target pests or more selective in the spectrum of pests
that they affect than older classes of compounds. For example, about 1 lb.
of an organophosphate insecticide per acre was needed to control Heliothis
virescens, a major cotton pest. The pyrethroids that replaced organophos-
phate insecticides provided control at 0.01–0.10 lb/acre. The newly regis-
tered insecticide can control this pest with only 0.04 lb/acre. The same
trend has been seen with some fungicides and herbicides. Environmental
and health benefits are often associated with these two trends, but the
trends could lead to problems with evolutionary sustainability. The
heightened target toxicity has often been the result of new compounds
that affect specific biochemical targets in the pest. Whereas traditional
fungicides affected a number of target sites (NRC 1986), some of the new
herbicides affect only a single site. Organophosphates and pyrethroids
attack components of the nervous system common to all insects, but some
of the newer insecticides affect target sites that are only found in specific
groups of insects. For example, the toxins from Bt are effective at very low
concentrations when a target insect has a midgut receptor to which the
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toxin can bind. However, the presence of these receptors is often limited
to a few insect genera (Frankenhuyzen 1993).

When a target site, such as acetylcholinesterase in the nervous system
is so highly conserved evolutionarily that it is used by insects and verte-
brates, it can be relatively difficult for pests to evolve alterations in the
molecule. When a fungicide affects many biochemical targets, it is un-
likely that a single population of the pathogen will contain genetic varia-
tion needed to alter each of the targets. However, rapid resistance to
fungicides that act at a single target site has arisen. In contrast, when a
target site such as the midgut receptor for the Bt toxin CryIIIA is present
in one beetle genus but absent in related genera, there is an expectation
that the structure of these receptors is evolutionary labile and could easily
change in response to heavy selection pressure. That expectation is not
always met.

Higher levels of toxicity mean that each pest encounters a relatively
small number of toxin molecules because the farmer uses less insecticide.
Detailed evidence is lacking, and it will be difficult to predict the speed of
resistance development. It might be easier for a pest to evolve alterations
to metabolize the lower concentrations of the new synthetic compounds
than larger concentration of older compounds. Alternatively, protein se-
questration and metabolism of low concentrations of pesticides might
emphasize evolution of improved affinity of the detoxifying protein for
the pesticide compared with the maximal turnover rate or concentration
of the protein. If the trend for developing more specific, highly toxic
synthetic pesticides continues, it will be necessary to determe whether
such pesticides are predisposed to rapid pest adaptation.

The new field of pesticide-resistance management, which has inter-
woven the disciplines of IPM and population genetics, concedes that pests
have the potential to adapt to almost all control tactics. If future synthetic
compounds are more prone to pest adaptation than older compounds,
resistance management could become more critical. The premise of resis-
tance management is that, through an understanding of pest genetics and
ecology, approaches can be developed for using pest-control tools in ways
that will diminish the rate of pest adaptation. One such approach in-
volves presenting pests with a combination of a stringent control and a
refuge from that control. EPA, agricultural companies, USDA, and uni-
versity scientists are testing this approach on a large scale with transgenic
cotton, corn, and potato cultivars that produce the insecticidal protein
derived from Bt. Another tactic for avoidance of pest resistance is manag-
ing for the susceptible gene. It is the susceptible gene in a pest population
that makes a pesticide useful as a control agent. Conversely, it is the
absence or loss of the susceptible gene that makes a pesticide ineffective.
With careful monitoring of susceptible types, location of refugia, and re-
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laxation of selection pressure, resistance can be avoided (Roush et al.
1990, Maxwell et al. 1990). If those approaches succeed, they and other
resistance management approaches might gain broader acceptance and
use.

Metcalf (1989) analyzed rates of insect adaptation to succeeding waves
of new insecticide classes and concluded that the pace of insect adapta-
tion to pesticides was increasing. That could be due, in part, to the factors
discussed here, but Metcalf proposed an additional mechanism. He pre-
sented the hypothesis that, in addition to evolving mechanisms enabling
them to cope with a specific toxin, pests are evolving a general type of
genetic flexibility that “preadapts” them to dealing with future com-
pounds. Metcalf did not offer a detailed explanation of the form of this
preadaptation, but a number of scenarios are feasible (Gould 1995). When
the ability to control a pest with a specific compound is lost, the organism
typically only has 20–1,000 times lower sensitivity to the compound. One
or a few genes typically account for most of the resistance. It is generally
found that these genes also confer some resistance to related pesticides,
and sometimes to chemically unrelated pesticides (for example, DDT and
pyrethroids). We would be likely to study gene A if it conferred 100-fold
resistance to the selecting pesticide Z and conferred 2- to 10-fold resis-
tance to other compounds. We would be much less likely to study gene B,
which might have evolved in response to selecting pesticide Z, if it con-
ferred only 2-fold resistance to pesticide Z, because 2-fold resistance seems
like a minor problem and is difficult to study experimentally. By ignoring
genes that are difficult to study, such as gene B, we could miss important
aspects of pest and pathogen evolution. There might be many genes, like
gene B, that confer only minor resistance to the selecting toxin but confer
an overall heightened resistance to most toxins. It is even possible that
gene B would some day be found to confer 100-fold resistance to a new
compound.

Another mechanism that could lead to preadapted pests would be
alterations in a pest’s metabolic flexibility. It is possible that some pest
genotypes incur more physiological disruption than other genotypes be-
cause of alterations in metabolic pathways. As pests continue to be se-
lected for altered metabolism, shifts in the general physiology of the or-
ganism that decrease the degree of disruption might be selected for. Work
with the sheep blow fly (Lucilia cuprina) has shown that resistant popula-
tions have genes for altered target sites but also have a gene for ameliorat-
ing the fitness cost incurred by having the resistance-conferring form of
the gene (McKenzie and Game 1987). If genes that decrease such fitness
costs have general buffering impacts on pests with other resistance genes,
pest populations might accumulate traits that allow them to withstand
metabolic changes caused by major resistance genes.
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Very few data are available for testing Metcalf’s general hypothesis,
but, given the potential consequences, it seems prudent to pay more at-
tention to this possibility. Beyond the preadaptation hypothesis, there is a
reason to expect future pests to have greater ability to respond to
selection: the globalized economy. With globalization comes increased
movement of pests. For example, molecular studies of mosquito resis-
tance to organophosphates suggest that resistance arose in one generally
isolated population in Africa and then was spread to Europe and the
Western Hemisphere by airplanes (Raymond et al. 1991). Increased air
travel and increased global shipping of agricultural products provide
pathways for the spread of resistance genes. It can also increase the raw
genetic variability possessed by the average pest and pathogen popula-
tion via the continual influx of new genes from distant locations.

Environmental-protection groups have been raising another issue re-
lated to pest adaptation. They contend that as genetically engineered crops
are released into the environment, genes from these crops will spread into
weed and pathogen populations and will cause increased crop losses.
Rigorously derived data prove that genes can be transferred between
some crops and their weedy wild relatives, for example, sorghum and
Johnsongrass, cultivated rice and wild rice, wild radish and cultivated
radish (Klinger et al. 1992, Krimsky and Wrubel 1996). In such cases it is
likely that a herbicide-resistance gene will move from a crop to a weed
and could then make the weed impossible to control with the specific
herbicide and related herbicides.
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5

Evaluation of Pest-Control Strategies

In an effort to identify the circumstances under which chemical pesti-
cides might be required in future pest management, the committee re-
ceived input from experts during the information-gathering phase of its
study. Perspectives were received in the form of invited presentations,
written input, and informal responses from university and industrial sci-
entists, pest-management practitioners, policy analysts, and other people
with expertise in current practices and impacts of pesticide use. On the
basis of input from workshops and other information sources, the com-
mittee concluded that the diversity of the US agricultural enterprise and
other sectors of pesticide use makes generalizing virtually impossible.

Pesticides are used in a multiplicity of settings—agricultural crop and
livestock production, silviculture, homes and lawns, schools, golf courses,
rights of way, wildlands, and others. Pest managers use an array of chemi-
cal pesticides, cultural practices, biological control, and genetically modi-
fied organisms to control a broad spectrum of pest species. Moreover,
even in a single production system, the utility of chemical pesticides can
vary. Although generalizing is difficult, experts who provided input to
the committee agreed that pest-management practices can improve in all
managed ecosystems. The intent here is to provide some insights on cir-
cumstances in which pesticides are in use and to illuminate the variation
in pest-management practices in some managed and natural ecosystems.
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PESTICIDE USE IN MANAGED AND
NATURAL ECOSYSTEMS

For purposes of classification, the committee used both biological and
cultural criteria to recognize six major classes of agroecosystems. In the
context of agronomic crop production, biological constraints differ be-
tween perennial systems—which include silviculture, orchards and vine-
yards, forages and turf— and annual systems—which include row crops,
vegetables, and cereals. Stored-products systems have unique attributes;
climate and temperature are factors for all of the systems, but manifest
themselves in unique ways in that stored-products systems are often in-
doors and spatially constrained. Animal-production systems (including
those for swine, ruminants, poultry, such nonfood animals as horses and
llamas, and aquaculture) present a different set of biological constraints.
Urban pest-management systems—indoors for vermin, structural pests,
and companion animals; and outdoors for lawn, garden, golf courses,
ornamentals, rights of way, and nuisance insects—present cultural and
biological constraints that differentiate the process of management from
that in other systems. Finally, wildland systems (including rangelands,
forests, conservation holdings, and aquatic systems) often present spe-
cies-conservation priorities that make nontarget effects important in pest-
management strategies.

Perennial Cropping Systems

The longevity of perennial crop plants (particularly trees) creates a
distinctive challenge in that both time and vegetational structure promote
biological diversity (Lawton and Gaston 1989). Thus, management deci-
sions in these systems targeted at particular pests often have community-
level implications. For example, use of conventional pesticides for control
of major pests can preclude adoption of nonchemical alternative methods
of controlling other pests (Brunner 1994); use of conventional pesticides
remains heavy in these agroecosystems. In 1995, over 90% of acres on
which the five most widely grown fruit crops (grapes, oranges, apples,
grapefruits, and peaches) were grown were treated with at least one pes-
ticide, and most of the acres received herbicide, fungicide, and insecticide
treatment (Economic Research Service 1995).

Explanations for the heavy reliance on conventional pesticides are
numerous and include shortages of trained consultants, institutional lim-
its on information transfer, and unavailability of pesticides with appro-
priate specificity (Brunner 1994). Cultural factors enter in as well; because
of consumer aesthetic concerns, crops grown for fresh market receive
more intensive pesticide use to ensure quality. Among perennial crops,
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regional and seasonal variation affects the intensity of pesticide use. Dis-
ease, weed, and arthropod pest complexes vary with locality, climate, and
cultivars grown. For example, in the 1994–1995 growing season, while
insecticides were applied to 96% of grape acreage grown in Michigan,
they were applied to only 17% of grape acreage in Washington (Economic
Research Service 1997). Many of the pesticides traditionally used in tree
crop systems raise concerns regarding human and environmental expo-
sure and have been either canceled or substantially restricted (for ex-
ample, phosalone, ethyl parathion, daminozide, ethion, EBDC, and
cyhexatin); positive effects of regulatory action are evident in reduced
residue detection (chapter 3). The cancellations, however, have increased
reliance on fewer products and raised concerns about the availability and
competitiveness of alternatives (CAST 1999) and about increased rates of
resistance acquisition. A subject of lingering concern, arising at least in
part out of failure to enforce laws, is continuing exposure of applicators
and farmworkers to remaining traditional chemical pesticides. Institu-
tional and regulatory barriers constrain adoption of nonchemical alterna-
tives under many circumstances (Brunner 1994).

Annual Cropping Systems

Because of the vast acreage dedicated to annual crops, variability—in
regional, seasonal, climatic conditions and in cultivar availability—char-
acterizes production in these agroecosystems. Consequently, pest-man-
agement practices for these crops reflect variability, as seen in Tables 5-1
and 5-2.

Corn is the most widely planted crop in the United States and pro-
duction is overall chemically intensive; in 1995, herbicide was applied to
98% of corn acreage in 10 states surveyed, amounting to 55,850,000 acres
(Economic Research Service 1997). Insecticide use in that year, however,
was restricted to 26% of the acreage. Sweet corn, however, which is grown
for fresh market, received insecticides in 41% of the acreage in Washing-
ton and 82% in Illinois. Soybean crops also are widely planted, in diverse
soil types, climate regimes, and biotic communities. Herbicide use after
planting is high in soybeans, in general, and rose from 52% of acreage in
1990 to 74% in 1995. The diversity of weeds in the weed seed bank, par-
ticularly across the diverse acreages planted in soybean (over 45 million
acres in major producing states), presents opportunities for weed species
shifts and a challenge to single-strategy management plans (Gunsolus et
al., 2000).

In contrast with corn and soybean crops, wheat, although one of the
largest field crops, currently demands considerably less pesticide use. In
1994, although wheat constituted 29% of all surveyed acreage, it repre-
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sented only 4% of pesticide use. Season profoundly affects herbicide use
in wheat; winter wheat can establish itself over the fall and winter and
compete well with spring weeds, but spring wheat is often treated with
herbicide to provide seedlings with a competitive edge against weeds.
Cotton, another major crop, remains pesticide-intensive at least in part
because of geographic and climatic factors. Winter survival of pests, par-
ticularly insects, tends to be higher in southern states, where cotton is
extensively grown.

By virtue of volume alone, pest-management practices on field crops
have a high potential for adverse environmental effects. Resistance is a
major concern, at least in part because of the intensity of the selection
pressure applied to pests. Nontarget effects can be considerable simply by
virtue of volume. The fact that corn cultivars producing transgenic Bacil-
lus thuringiensis endotoxin constitute over 20% of planted acres in 1999
has raised concerns that pollen shed by these plants and expressing the
toxic protein can have unintended effects on nontarget butterflies on
plants growing in the vicinity of cornfields (Losey et al. 1999). Roundup-
Ready® soybeans were planted on more than 25 million acres in the United
States in 1998 (K. Marshall, Industry Affairs Director, Monsanto, personal
communication, August 8, 2000); there is concern that such herbicide-
resistant varieties will not reduce weed control to one herbicide applica-
tion because of a lack of residual weed control.

Although vegetable crops, like field crops, are annuals, characteristics
of vegetable production systems resemble tree fruit crops in their diver-
sity and in the cultural constraints on production. More than 60 types of
vegetables are grown in the United States (Zehnder 1994); this biological
diversity is accompanied by a diversity of crop-specific pest species. Re-
gional, seasonal, and cultivar variation also contributes to the composi-
tion of the pest community. Potatoes, for example, differ in their response
to defoliation by Colorado potato beetle, depending on the region in which
they are grown (Zehnder and Evanylo 1989); composition of the potato
pest fauna depends on region (Zalom and Fry 1992). Cultivar differences
can also influence the efficacy of different pest-management approaches.
For example, low-growing spinach varieties require greater amounts of
pesticide for aphid control than do upright varieties because of inad-
equate coverage by the pesticide.

Thus, one barrier to adopting more nonchemical alternative manage-
ment strategies is the idiosyncratic nature of each crop; integrated pest
management (IPM) programs must be both crop-specific and region-spe-
cific. Box 5-1 provides an example of a weed management approach that
includes the role of timing in effective weed control.

Broad-spectrum pesticides thus have considerable appeal to many
vegetable growers (Gianessi 1993, Gooch et al. 1998). Yet another factor
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promoting dependence on chemical pesticides is the nature of consumer
expectations for vegetables for the fresh market; there is a considerable
demand for damage-free produce. In the vegetable-processing industry,
federal regulations permit only very low levels of contaminating mate-
rial, such as insect parts. The US Food and Drug Administration (FDA)
identifies acceptable levels for these contaminants—Defect Action Lev-
els—and they are typically measured in either the number of foreign
parts per weight of food item or by percentage of foreign contamination
by weight of food product (FDA 1998). At the same time, consumer
concern about pesticide residues in vegetables and fruits (NRC 1993) can
restrict the utility of these chemical pesticides in the future, as might
concern about worker exposures, given the nature of nonmechanized
harvesting procedures in many cropping systems. Registrations of pesti-
cides for use on vegetable crops are decreasing, in part because of the
Federal Insecticide, Fungicide, and Rodenticide Act reregistration pro-
cess; availability of either chemical or nonchemical alternatives is re-
duced for many crop systems.

Stored-Products Systems

Pest problems in stored products are influenced by a number of fac-
tors, including time in storage, grain temperature and moisture, and type
of management (Kenkel et al. 1994). Moisture and temperature in turn are
affected by locality; moisture at the time of harvest of wheat can vary by a
factor of almost 2 (Hagstrum and Heid 1988). Problems are more likely to
arise in the Southwest (Oklahoma and Texas) than in the relatively cool,
dry Great Plains states (North and South Dakota and Montana) (Kenkel et
al. 1994). Because chemical costs are low and alternative management
practices few in number, use of chemicals predominates. Low cost also
promotes scheduled fumigations irrespective of whether pest populations
merit treatment. Accordingly, resistance has been a persistent problem,
increasing in grain elevators, in flour mills and on farms (Beeman and
Wright 1990). Many of the broad-spectrum chemicals on which stored
product pest-management practices are based, such as phosphine, dichlo-
rvos, methyl bromide, and ethyl dibromide are under review and, be-
cause of adverse health and environmental effects, are unlikely to be reg-
istered for many of their current uses (EPA 1999). The lack of ready
alternatives, either chemical or nonchemical, is likely to present problems
to the industry in the future.
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220 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

TABLE 5-2 Fruit and Vegetable Acreage Treated with Pesticides, Major Producing St

1993

Herbicide Insecticide Fungicide

Fruit:
Grapes, all types 64 66 93
Oranges 94 90 57
Apples, bearing 43 99 88
Grapefruit 93 93 85
Peaches, bearing 49 99 98
Prunes 40 93 84
Avocados 50 12 10
Pears 44 98 92
Cherries, sweet 45 94 87
Lemons 71 88 14
Cherries, tart 49 98 99
Plums 70 89 79
Olives 67 27 33
Nectarines 84 98 95
Blueberries 75 91 81

1,000s of No. of
Planted States

Total Application, 1,000 lbs. (1997) Acres Surveyed

Herbicide Insecticide Fungicide (1997)

Fruit:
Grapes, all types 1306.4 3552.7 39875.6 893.6 6
Oranges 3399.3 47361.1 2088.6 832.9 2
Apples, bearing 710.6 9459.5 5170 350.8 10
Grapefruit 518.7 10604.5 1056.7 159 2
Peaches, bearing 160.2 2014.6 4376.5 135.9 9
Prunes 90.2 1220 476.2 100.5 1
Avocados 68.8 84.3 95.8 62.5 2
Pears 132.3 4655.9 1335.3 67.9 5
Cherries, sweet 73.5 1108.4 633.7 48 4
Lemons 142.5 6813.2 147 49 1
Cherries, tart 48.6 157.2 872.3 32.4 4
Plums 64.3 1141.8 360.3 44 1
Olives 66.2 162.1 95 37.4 1
Nectarines 75.5 1153.9 273.9 38 1
Blueberries 61.7 127.2 234.5 34.2 5
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tates, 1992 - 1997

1995 1997

Herbicide Insecticide Fungicide Herbicide Insecticide Fungicide

74 67 90 75 60 87
97 94 69 91 88 65
63 98 93 60 96 90
92 89 86 58 62 71
66 97 97 54 82 84

46 73 84 48 71
24 9 1 44 33 12
65 96 90 57 90 85
61 92 93 61 84 80
83 73 64 78 73 66
67 94 98 78 98 99
48 75 71 74 85 69
54 14 30 53 16 30
82 97 96 73 82 79
73 86 87 67 83 88

Animal-Production Systems

Alternatives to chemical pesticides are few for pest management in
animal- production systems. Among the constraints on development of
alternatives are mobility of both host animals and pest arthropods, gen-
eral unavailability of economic-injury threshold data, and lack of com-
petitiveness (in both cost and efficiency) of pesticide alternatives
(Campbell 1994). Concerns about nontarget effects through food residues
are of little concern, because of the existence of strict Environmental Pro-
tection Agency (EPA) and FDA regulations. The strict regulatory environ-
ment, however, has created reluctance among pesticide producers to in-
vest in new products or to reregister old products (Campbell 1994). Their
reluctance translates into a heavy reliance on a relatively small number of
control chemicals and concomitantly high potential for resistance acquisi-
tion in target species (Campbell 1994). Estimates of the magnitude of
environmental impact of many of the control chemicals of choice (includ-
ing avermectins and their metabolites) are under debate (Wratten and
Forbes 1996, Spratt 1997).

In the context of companion-animal pest management, the ready
availability of many products and the absence of strict requirements for
applicator training contribute to increased health risks to both private
consumers and professionals. The Department of Pesticide Regulation of
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TABLE 5-2 Continued

1992

Herbicide Insecticide Fungicide

Vegetables:
Sweet corn, proc. 92 75 19
Tomatoes, proc. 90 81 92
Greenpeas, proc. 91 49 1
Lettuce, head 68 97 76
Snap beans, proc. 95 68 55
Watermelon 37 53 71
Sweet corn, fresh 75 84 41
Onion 86 79 83
Broccoli 58 95 31
Tomatoes, fresh 75 95 86
Carrots 67 37 79
Cantaloupe 44 78 73
Cucumbers, proc. 74 34 32
Asparagus 86 64 28
Snapbeans, fresh 52 77 62

1,000s of No. of
Planted States

Total Application, 1996 Acres Surveyed

Herbicide Insecticide Fungicide (1996)

Vegetables:
Sweet corn, proc. 1177.5 214.6 12.2 416.6 5
Tomatoes, proc. 582.9 297 11436.3 318 1
Greenpeas, proc. 194.1 32.8 3.8 221.7 5
Lettuce, head 160.6 504.3 430.7 194.9 2
Snap beans, proc. 429 149.7 63.7 134.2 4
Watermelon 90.1 88.1 670.9 163.8 6
Sweet corn, fresh
Onion 728.7 180.9 921.7 127.4 8
Broccoli 201.4 260.2 44.3 106 1
Tomatoes, fresh 765.9 400 1694.6 88.7 6
Carrots 153.2 55.9 469.1 108 6
Cantaloupe na na na na na
Cucumbers, proc. 67.8 24.1 76.7 71.5 6
Asparagus 177.1 81.3 70.2 72 3
Snapbeans, fresh 63.4 75.6 258.2 66.5 7

Source: ERS, 1997;  USDA, 1997; USDA, 1998.
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1994 1996

Herbicide Insecticide Fungicide Herbicide Insecticide Fungicide

94 66 9 90 74 11
76 71 86 78 71 90
93 50 89 35 2
60 100 77 52 98 76
91 58 41 90 72 49
41 45 64 43 41 65
79 81 36 79 89 42
88 76 89 88 83 89
67 96 36 64 96 37
52 94 91 54 93 90
72 34 71 89 40 78
41 82 41 na na na
77 48 30 76 36 34
91 70 23 88 56 33
60 79 63 49 75 73

the California Environmental Protection Agency, for example, identified
pet grooming facilities as a potential source of problems after several
cases of pesticide poisoning were reported in 1995 (California EPA 1997).
Investigations revealed that pet groomers in many establishments re-
ceived virtually no training and regularly immersed their hands in pesti-
cide solutions. Label changes might reduce such exposures.

Urban Pest-Management Systems

Residential pest control is performed or coordinated by consumers to
manage nonstructural pests and enhance the value of properties for aes-
thetic or recreational purposes. Real expenditures for pesticides applied
by homeowners were roughly constant from 1979 to 1995 (Templeton et
al. 1998). About 12% of households in the United States hired lawn-care
companies in 1995; fertilizer or pesticide application was the main service
provided by the companies (Templeton et al. 1998). Lawn-care experts
indicate that homeowners tend to worry less about costs than about hav-
ing weed-free lawns. At the same time, some owners of lawn-care compa-
nies worry about applicator exposure in residential environments. Al-
though applicator exposures have not generally been well characterized,
at least in part because of the unstructured nature of the industry, there
are indications that exposures and accompanying health effects are fre-
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BOX 5-1
Assessing Integrated Weed Management from Biological Time
Constraints and Their Impact on Weed Control and Crop Yield

In recent years, herbicide technology—combined with mechanical, cultural,
biological, and other nonchemical methods of weed control—has increased the
scope of available techniques for control of weeds in many crops. Herbicides de-
crease the manual labor required to control weeds, thus freeing producers to do
other tasks. Herbicides can also cause unintentional problems such as off-target
movement to sensitive crops (drift) and small amounts of residual herbicides can
persist in the soil and disrupt future crop rotations. In addition, weed populations
can shift in response to herbicides and other production practices, and establish-
ment of the new weed pests can lead to crop losses. Because producers expect
that clean fields free of weeds will increase agricultural productivity, they will prob-
ably continue to use chemical herbicides as a primary method of weed control. The
continued efficacy of any weed control, however, will depend on its proper timing.
For example, if herbicides are used too often, selection pressure for weed growth
increases and the herbicide becomes a less effective control. Integration of chem-
ical and nonchemical techniques will increase the complexity of weed manage-
ment.

Introduction of genetically engineered row crops resistant to nonresidual
broad-spectrum herbicides will continue to influence how many row-crop produc-
ers manage weed populations. Postemergence herbicide sprays, such as glufosi-
nate and glyphosate, are sprayed onto fields to protect crops against a broad
spectrum of weeds. These chemical sprays are nonselective; they do not distin-
guish between weeds and crop plants. To avoid crop injury, industrial scientists
developed genetically enhanced crop plants, such as corn and soybeans that could
tolerate over-the-top applications of these chemical herbicides. Producers of large-
acreage commodity crops now can plant these herbicide-resistant varieties and
apply the herbicide over the entire field without fear of injury to the crop. Because
the herbicides have little soil residual activity, must be timed carefully to control
weeds.

The producers need to be aware of biological time constraints that can affect
weed control and crop yield. In the context of a single application of a nonresidual
broad-spectrum postemergence herbicide, weeds must be considered that emerge
before the treatment and are controlled by it and, emerge before the treatment but
are not controlled by it, and that emerge after treatment.  The relative impact of
these weeds on crop yield depends on the time of weed emergence, the rate of
weed growth, and the time of weed removal.  Those factors are referred to as
biological time constraints.  Understanding these biological time constraints can
help producers to evaluate whether an integrated weed-management system can
be integrated into the crop-production system.

Weed-emergence Periods

Diversity of weed species and emergence patterns will influence the time of
herbicide application. For example, research on annual weed-emergence patterns
in the midwestern United States indicates that peak annual weed-emergence flush-
es can begin as early as mid-April (such as wild mustard) and as late as early July
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(such as common waterhemp). That is most important with nonresidual postemer-
gence herbicides. Order and duration of weed emergence will influence the timing
of postemergence application. Diversity of weed species often makes two-pass
weed control necessary.

Rate of Weed Growth

The rate of weed growth depends upon environmental conditions. Slow early-
season weed growth can lull one into an warranted sense of security. For example,
under most Minnesota spring and early cropping conditions, foxtail reach 10 cm in
height in about 4 weeks and 20 cm in about 6 weeks. If the label indicates that
maximal efficacy is at a height of 10–20 cm, the producers have about 2 weeks to
complete a glyphosate weed-management program in soybean. Disruption of the
framework of application by wet fields, windy spray conditions, or time or labor
constraints could result in poor weed control or yield loss because of weed-crop
interference.

Critical Period of Weed Control

The greatest yield loss is associated with full-season competition. Crops can
coexist with weeds for some period without yield loss (critical period). There are
two critical periods:  early-season competition and late-emerging weeds. For ex-
ample, weeds usually do not interfere with corn growth until 2-5 weeks after their
emergence; soybeans are more competitive with weeds for 4-6 weeks after emer-
gence. The time over which weed-control efforts must be maintained before a crop
can effectively compete with late-emerging weeds and prevent crop-yield loss is
about 4–5 weeks after crop emergence for corn and soybean.  Therefore, the
critical period of weed interference indicates that postemergence weed-control pro-
grams in corn are associated with more risk of yield loss, because of untimely
control of early-emerging weeds than are postemergence weed-control programs
in soybean.

Implementation of a pest-management strategy based on biological timing
should be considered in relation to its economic feasibility.  A pest-management
strategy is more likely to be adopted if it can reduce an important pest population
to a level that no longer limits profitability. Because farmers generally are risk-
averse, pest-management tools that minimize variability of crop yield and net re-
turns across the field and over growing seasons are more likely to be implement-
ed. In addition, producers have limited time and labor to complete operations in the
field. Herbicides often meet this need, and in row crops, such as corn and soy-
bean, at least two weed-control tactics per field per growing season are necessary.
Communication between weed scientists and producers is essential to align time
and labor-management issues with site-specific biological time constraints. It is the
weed scientist’s role to address biological time constraints and risk from the crop
producer’s perspective of time and labor constraints and to demonstrate how weed
biology affects the economics of crop production. An understanding of biological
time constraints and risk-management analysis can help producers to carry out
integrated weed-management programs better.

Sources: Adapted from Gunsolus et al., 2000.
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quent (Gadon 1996). Health and safety training is neither required nor
uniformly available in the industry; certification requirements are highly
variable. Health effects of homeowner exposure are even more difficult to
measure; despite the potential risk, particularly for homeowner applica-
tors, virtually no statistics are available to allow a thorough evaluation of
the problem.

Wildland Systems

For the purposes of the report, natural ecosystems include range-
lands, forests, conservation holdings, rights of way, and aquatic systems.
Preservation of target species to conserve biodiversity is the main goal of
management efforts; as a consequence, nontarget impacts have greater
importance in dictating management practices than in many other sys-
tems. Biological control, for example, can have more nontarget effects if
the biocontrol agent is insufficiently host-specific and is capable of shift-
ing onto native hosts (Louda et al 1997, Onstad and McManus 1996).
Researchers and practitioners indicated that improved weed control is
necessary for all these systems. Land managers can use an array of tac-
tics—including hand-pulling weeds, biocontrol, and chemical pesticides—
to protect native flora and fauna of natural parks, wildlands, and habitats
preserved for conservation. In some cases, herbicides might be selected in
preference to other tools, but this decision depends on site-specific condi-
tions. Much herbicide use involves spot treatments with backpack spray-
ers, and overall quantities of pesticides used are generally low—an entire
national park might require less than 1,000 gallons/year (John Randall,
The Nature Conservancy, August 10, 1999, personal communication).
With spot treatments, low-quantity use, and selection of lower-hazard
and less-mobile herbicides, human health and environmental impacts are
considered low. Nonetheless, public concerns about herbicide use in pri-
vate and public forests remain high because of potential effects of these
chemicals on water quality, species biodiversity and habitats, and other
environmental characteristics.

DECIDING AMONG ALTERNATIVE PEST-MANAGEMENT
STRATEGIES IN DETERMINING

THE UTILITY OF CHEMICAL PRODUCTS

Even a perfunctory examination of the diverse agroecosystems con-
tributing to the US agricultural enterprise leads inevitably to the conclu-
sion that such diversity precludes a simple formulaic approach to specify-
ing which chemical products, if any, will play a role in the future.
Evaluating alternative management approaches or alternative manage-
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ment products necessitates taking into account a wide array of variables.
This section presents two approaches for comparing pest-management
strategies in different agroecosystems.

METHODS FOR ASSESSING PEST-MANAGEMENT STRATEGIES

Assessment of pest-management strategies will improve if it is con-
ducted through transparent processes that use quantitative analysis to
take into account all the implications of alternative policy options. Here,
we introduce the key elements of such a framework. It is presented as a
cost-benefit analysis, a method that is increasingly used to assess resource
management and environmental policies; for example, it has been used to
assess water projects. This approach monetizes all costs and benefits so
that they are measured in dollars, and its full implementation might be
constrained by data limitations and difficulties in monetizing human and
environmental health risks. But, we introduce it here as an integrative
conceptual framework that will provide directions for future data collec-
tion and identify some key considerations that have to be quantitatively
balanced in making strategic choices.

Regulatory agencies have used components of this framework in their
analyses, but it has not been integrated, and decisions in many cases are
based on partial quantitative information. EPA regulatory decisions about
pesticide use have used separate analysis of economic benefits and envi-
ronmental and health risks. For years, benefit analyses relied on partial
budgeting (the yield and cost effects of banning a pesticide were consid-
ered without taking into the account the effect on prices), but that was
recently changed. Present studies on the benefits of pesticide use recog-
nize the market effect, the uncertainty of key parameters, and distribu-
tional effects on consumers and producers (Lichtenberg et al. 1988;
Zilberman et al. 1991; White and Wetzstein 1995; Sunding 1996; Deepak et
al. 1999; and Carpenter et al. 1999). Even these studies do not consider the
effects of pesticide policies on the chemical industry. Furthermore, their
analysis tends to be static, whereas effects vary over time. The framework
presented below attempts to correct those flaws of the current model.

The policy process might not assign explicit values to life and limb,
but actual choices imply economic evaluations of lives saved. Cropper et
al. (1992) argue that the value of statistical life implied by pesticide regu-
lations varies widely across regulations, and this is consistent with the
findings on the impact of other regulations that affect environmental
health (Cropper and Freeman 1990). Policy-making can improve if choices
become more consistent. For example, decisions that imply a very low
value of life are obviously too lenient, and decisions that imply a value of
hundreds of millions of dollars might be too strict. Several studies (Harper
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and Zilberman 1989; Lichtenberg et al. 1989; and Sunding and Zivin 2000)
estimated the economic and health effects of various pesticide regula-
tions, derived implied values of life, and determined consistent optimal
policies under various assumptions regarding value of life. The approach
presented here can provide regulatory choices under alternative assump-
tions regarding the value of life and limb; alternatively, it can provide the
quantitative tradeoffs between economic benefits and the risks that have
to be explicitly considered in decision-making. The previous studies pro-
vide partial estimates of tradeoffs but suggest that, in principle, quantita-
tive assessments of the tradeoff between health cost and environmental
benefits are feasible. More data and policy-relevant research are required
for tradeoffs to be useable in actual decision-making. Our framework
provides basic formulations and identifies some of the data needed to
implement them.

Benefit-cost figures must be adjusted for time differences through
discounting. When there are uncertainties, the net benefits are weighted
by their probabilities. This approach of expected discounted net benefits
is used to evaluate a strategy that lasts several years and has uncertain
outcomes.

What matters for our purposes is not the final presentation of results,
but the exact information and assessments that we need to compare dif-
ferent pest-management strategies. Therefore, we first present market-
outcome categories (impacts on quantities and prices and goods traded in
markets) and then nonmarket outcomes of pesticide strategies (impacts
on government, health, and assets not traded or valued directly by mar-
kets). We then discuss factors that will enable us to analyze them quanti-
tatively. We emphasize some of the links between the biological consider-
ations and economic outcomes, and we identify some of the gaps in our
knowledge and suggest where new and better information will be needed.
Although we present a general method for assessing the impact of a new
strategy on the economy, at the end we provide a more detailed discus-
sion that assesses some of the impacts of pest-management strategies at
the farm level.

A pest-management strategy will affect several markets, including
markets of final products (such as wheat) and markets of inputs in the
agricultural production process (such as water, pesticides, and labor) and
in the production of pest-control devices (such as research and develop-
ment, and chemicals). It can also have a monetary effect on the environ-
ment in terms of drift damage to structures or animals that can be mon-
etized. The welfare-economics discipline (Just et al. 1982) developed
methods to quantify effects on different markets. Benefit-cost assessment
studies the effects of various policies on buyers and sellers in each market.
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Several important markets are affected by pest-control strategies, and we
define below some of the most important categories within these markets.

Producers’ Surplus

Producers’ surplus (PS) is the difference between the income that an
output generates and the cost of its production. New pesticide technolo-
gies affect several markets, including the markets for agricultural prod-
ucts and pest-control inputs. In evaluating a new pest-control strategy,
we should establish a benchmark for comparison and consider two types
of effects on producers’ surplus.

Pest-control Suppliers’ Surplus (SS)

SS is the difference between the income of pest-control suppliers and
their production costs. Pest-control suppliers can consist of several inte-
grated organizations. For example, in the case of chemical pesticides, the
supply chain includes the chemical company and its dealers and repre-
sentatives. The same strategy can be used on several crops or in several
regions, so let i be an indicator of a distinct region and let it assume values
from 1 to I. The acreage in region i used in the strategy is Ai, and the
income per acre from providing input for the strategy is mi . Thus, the
total income of the suppliers is

SI A mi i
i

=
=
∑

1

1

.

Pest-control suppliers have three primary cost categories:

Acreage related costs (VSA)

VSA A scai i
i

=
=
∑ ,

1

1

where scai is the variable cost per acre at region i. These costs include
scouting costs (if they are provided by suppliers) and material and appli-
cation costs that are in proportion to acreage.

Variable costs of aggregate production (VSP)

VSP vs A xi ii
= ( )=∑ 1

1 ,

where xi is per-acre quantity in region i. These costs include the cost of
producing chemical, biological, or other types of materials for pest con-
trol.
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Fixed costs (FS)

These involve the costs of R&D and registration and other costs that
do not depend on the acreage or volume of materials used.

The pest-control suppliers’ surplus is

SS = SI – VSA – VSP – FS.

In analyzing the feasibility of new pest-control strategies, we should
first evaluate whether they generate surplus for pest-control suppliers
(whether SS > 0). Several issues can arise in quantifying SS.

1. Dynamic Considerations. Introduction of new strategies is a dy-
namic process that takes time, and each element of the surplus has a time
dimension. For a more detailed analysis, let Sst denote SS at year t. As-
sume that we evaluate strategies being developed at year t = 0, where r is
the discount rate and the planning horizon is of T years. In this case

SS
Ss

r
t

t
t

T

=
+=

∑ ( )
.

10

Each of the SS elements can be decomposed similarly to the dis-
counted sum of annual items. The various elements of SS evolve differ-
ently over time. For example, most fixed costs are initial investments in
R&D, production, and marketing capacities that occur during the product
introduction stages. But, pest-control supply incomes occur much later. It
can be 6–10 years from the initial investment in a new strategy to the
marketing of products. Furthermore, the use acreage at various locations
changes after a diffusion process, which is generally an S-shaped time
function. The variable cost of production may decrease over time, reflect-
ing the process of learning by using.

The choice of discounting factors may significantly affect the value of
SS due to the relatively heavy load of expenditures at the earlier stages of
a strategy and the concentration of earning at the later stages. Higher
discount factors will reduce the weight of benefits in SS and increase the
likelihood of negative outcome, while lower r will likely increase the SS1 .
Thus, availability of low interest-funds for investment in a new strategy is
an important condition in facilitating such investments.

2. Uncertainty Considerations. The parameters of the SS elements

1There is a large literature on the selection of discount rate for public project assessment.
When the pest-control suppliers are part of the private sector, an appropriate market inter-
est rate will be used in deriving SS.
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are not known with certainty. Technology assessment exercises must use
different kinds of estimates. Quantitative policy assessments will obtain
estimates of reliability (variance) and provide a range of values for SS and
each component (for example, the estimated mean of SS and a confidence
interval where SS will likely exceed a 95 % probability). The confidence
interval is defined by lower and upper limits that represent the outcome
of low- and high-case scenarios.

3. Regulatory Costs. Pest-control supplier’s expenditures are affected
by regulations. The fixed cost of R&D includes costs needed to comply
with registration requirements. Environmental and safety regulations and
the legal framework make suppliers liable for some of the environmental
costs caused by pest-control activities, and these costs (insurance costs)
are incorporated into both the fixed and variable costs of operation.
Stricter regulations can increase the cost of operation and investment,
reduce SS, and make some strategies economically less feasible. How-
ever, imposing payment of environmental costs on the parties responsible
will prevent introduction of strategies that are undesirable from an over-
all societal perspective and will reduce excess environmental and health
costs. Thus, legislators face the challenge of designing the optimal legisla-
tive framework that will enable innovation and technological change to
take into account production, environmental, and health costs.

4. Price Determination. The suppliers’ income per acre reflects prices
received for materials and services. The prices vary throughout the life of
the pest-control strategy, reflecting supply, demand, and market-power
considerations. Suppliers have monopoly power if a patent protects their
strategy for several years immediately after it is introduced. Because a
strategy can be used in several separate markets, the supplier will behave
like a discriminatory monopolist (Carlton and Perloff 1990) and set differ-
ent prices for different markets. Technically, the economic rule for setting
prices in each market is that the increase in supplier revenue resulting
from incremental sales increases is equal to the incremental increase in
production costs. For example, in the case of a biological pesticide, the
supplier will set the price for a particular region; thus, for the quantity
sold, the incremental increase in revenues is equal to the cost of produc-
ing the extra quantity.

The supplier’s revenue in a region is the product of price and quantity
and reflects the acreage on which a strategy is being used and its value to
the user. The latter value (discussed in more detail later) depends on the
benefits to the user, which depend on price of the output, the impact of
the technology on yield and costs, and the availability, impact, and costs
of alternative technologies. As technology adoption increases and the tech-
nology is applied on more acres, the total revenue potential increases.
However, the value per acre from adoption by later users of the technol-

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


232 THE FUTURE ROLE OF PESTICIDES IN US AGRICULTURE

ogy is likely to be smaller; thus, the price might actually decrease over
time. For example, if a new technology to address soilborne disease in
tomatoes is introduced, the earlier adopters might be producers of fresh
tomatoes who have a higher ability to pay, and adoption by producers of
lower-value processed tomatoes will lag behind.

The factor that will probably maintain the price of a technology and
even reduce it over time in spite of increasing sales volumes is a reduction
in the cost of supply. This reflects both learning by doing and increased
productivity that capitalizes on increasing returns to scale in production
and distribution of strategy components.

To estimate the price dynamics of a pest-control strategy in different
markets, we need a good understanding of the demand for the technol-
ogy and the evolution of cost over time. Those elements have to be incor-
porated into the calculus of the monopolistic supplier to generate esti-
mated prices during the period when the patent is in effect (see Stoneman
and Ireland 1983, for a formula for pricing products and the resulting
adoption behavior when the supplier is a monopolist).

When patent rights expire there can be several suppliers of the strat-
egy, the market for strategy components will be more competitive, and
the price will be closer to the average cost of production. The suppliers’
surplus in the later years of a strategy’s life will be substantially reduced.
That suggests that suppliers’ surplus will increase as the time it takes to
develop and introduce a technology becomes shorter and as the length of
the patent life increases. Thus, policy regulations that affect development
time (through registration requirements) and patent life can significantly
affect SS and the introduction of new technologies.

Users’ Surplus (US)

US is the difference between the income of pest-control users and the
cost of their products. The analysis here is geared largely to assessing the
impact of a pest-control strategy on farmers’ surplus. US can be divided
into several main categories:

Users’ Revenues (UR)

UR, is the sum of the products’ per acre revenues in each region, , and the
acreage of the region. Thus,

UR A rvi i
i

I
=

=
∑

1

The per-acre revenues are the product of output price, pi, in the region
and yield per acre, yi; thus, rvi = piyi. A pest-control strategy can affect
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revenues by reducing crop-damage, increasing yield (relative to the ini-
tial situation, which serves as a benchmark), or increasing product quality
and its price. Assessment of yield and quality effects is essential for quan-
titatively estimating the impacts of a pest-control strategy.

Users’ Nonpest Costs (UNC)

UNC is the sum of nonpest costs in all regions.

UNC A nci i
i

I
=

=
∑

1

where nci is the nonpest-control cost per acre in region i. UNC includes
land preparation, fertilizer, harvesting, and nonpest-control postharvest-
ing costs.

Pest-control Costs (UPC)

UPC is the sum of pest control in all regions.

UPC A pci i
i

I

=
=
∑

1

where pci is pest control per acre in region i. UPC includes application,
material, and other costs per acre associated with pesticide use. We sepa-
rate pest control and nonpest control for simplicity, but this is not always
feasible. Separation is difficult, for example, when the cultivation prac-
tices (such as crop rotation) are a major element of the pest-control effort.
Pest-control costs can be further divided by the pest problems they ad-
dress and can also include the cost of pest damage to the environment
and the cost of worker safety that are borne by users.

Using those definitions,

US = UR – UNC – UPC.

A pest-management strategy is feasible only if it generates a surplus
for its users; therefore, when assessing strategies, we should investigate
first whether US is greater than zero.

Several issues can arise in quantifying US.

1. Dynamic considerations. New technologies have a long life, and
key elements evolve. For a more detailed analysis, let  denote users’ sur-
plus at year t. With this notation,

US
Us

r

A rv nc pc

r
it

t
t

T
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t
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where Ait is acreage in region i used under the strategy in year t and rvit,
ncit, and pcit are per-acre revenues, nonpest costs, and pest-control costs,
respectively, at year t in region i.

Ait varies over time, reflecting an adoption process. As mentioned
earlier, adoption decisions depend on investment costs and on future and
present benefits. Users recognize dynamic processes that affect the costs
and benefits associated with investment in new technologies, and they
might wait to adopt a new strategy (McWilliams and Zilberman 1996). A
formal quantitative assessment of the impact of technologies requires es-
timates of the key parameters that determine the diffusion process. The
estimates are used to trace an estimated path of acreage used with a new
strategy over time.

Revenues per acre with strategy i, rvit, can vary over time. This is a
product of price (pit) and yield per acre (yit) in region i at year t. In many
cases, yields increase over time as farmers’ use of a new strategy increases
because of learning. But, prices can decline in response to increased sup-
ply. In some cases, a new strategy’s yield declines over time because of
pest resistance or infestation of secondary pests, and this must be taken
into account in the modeling of yield dynamics and the resulting pest-
management strategy (see models by Hueth and Regev 1974, Regev et al.
1976). Similarly, nonpest costs can change over time because of input-use
efficiency (which can reduce cost) and increased input price (which may
increase cost). Pest-control costs can decline after an initial period that
requires investment in new pest-control equipment and training; how-
ever, pest resistance can increase costs over time. Thus, assessment of a
new strategy’s profitability requires quantitative modeling of cost and
yield dynamics derived from a quantitative understanding of adoption
dynamics, learning processes, and pest resistance.

2. Uncertainty and Risk Considerations. Estimations of US are af-
fected substantially by risk and uncertainty considerations for two rea-
sons. First, there are significant variances in pest-control users’ behavior
and estimates of price productivity and cost parameters. The high uncer-
tainty of the estimated parameters reflects lack of knowledge and a high
degree of heterogeneity even within regions. Therefore, rather than ob-
taining a single estimate of US, it is useful to obtain a confidence interval
for a range of values in which US might be within, say, a 95 % probability.

Second, many farmers are not neutral to risk, and their choices are
affected strongly by the risks (related to yields, prices, and so on) that
they face. Risk aversion can lead to lower supply (Sandmo 1971) or in-
duce further adoption of risk-reducing techniques. Carlson and Wetzstein
(1993) have surveyed results that demonstrate the important role of risk
and risk aversion in pesticide use and pest-control technology choices.
Pest-control strategy assessments should estimate the impact of risks
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facing users and analyze how risk considerations influence the extent of
the adoption of the strategy on US.

3. Regulatory and Policy Considerations. Pest-control users are af-
fected by government policies and regulations. The policies can be in the
form of price supports and subsidies that affect revenues. Lichtenberg
and Zilberman (1986) showed that when supports play an important role
in agriculture, models of revenue generation and market equilibrium have
to be modified to reflect it. Price-support policies tend to reduce risks
faced by farmers and to increase average prices, and this can lead to a
tendency to adopt new technologies including new pest-control strate-
gies. Agriculture is now going through a period where price supports are
reduced, and analyses of the impact in some sectors (peanuts, tobacco,
and dairy) should not ignore the impact of support policies. Those poli-
cies might also be introduced in the future. Thus, computation of US
should be adjusted to take these support payments into account.

Derivation of pesticide costs should take into account the costs associ-
ated with pesticide regulation. These can include purchase costs of extra
protective equipment and insurance, compensation, and penalty costs
associated with pest control use. The costs affect the profitability of farm
operations but also influence the tendency of farmers to adopt particular
pest-control strategies. Although financial incentives do not play a major
role in efforts to reduce pesticide use, they could play a bigger role in the
future, and regulatory costs might have a bigger impact on US. One set of
incentives involves granting entitlements to participate in price support
programs based on conduct of specific practices. An obvious example is
the past use of a land diversion requirement as a condition for receiving
deficiency payments. Such incentives might induce adoption of agricul-
tural practices, and they should be considered in policy evaluation and
design.

4. Price determination. When a pest-control strategy has a significant
effect on user output, and these users have substantial market shares in
their products, then the strategy can affect the output price. Agricultural
industries tend to be competitive, and producers are price takers. Acreage
and output with a given technology are functions of the output price, and
we can denote  as the supply curve of the industry, where

S p A p y pi
i

i( ) ( ) ( ).=
=
∑

1

1

The supply curve is an increasing function of price. The product also has
a demand curve, D(p), that represents the quantities that consumers are
willing to buy at a given price. Industry equilibrium, which is defined by
output price and aggregate output, is determined at the point where sup-
ply and demand intersect.
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Price determination of the output market is demonstrated in Figure 5-
1. Curve D denotes the demand for output, and curve  S0 is the supply
curve for an initial pest-control technology 0. The intersection of the two
curves, at A0, and it results in output price  P0 and output quantity Y0. If a
new pest-control technology, technology 1, will increase supply, it will
result in a shift of the supply curve to the right, from S0 to S1. As supply
shifts from S0 to S1, the intersection of supply and demand moves from A0
to A1, at which total output increases from  Y0 to Y1 but price decreases
from P0 to P1.

The analysis in Figure 5-1 suggests that assessment of impacts of pest-
control strategies should not always take output prices as given. When
the introduction of a pest-control strategy is likely to increase output
supply significantly, and the demand for this output is inelastic (in the
sense that prices change significantly with relatively small changes in
quantity consumed), introducing the strategy will reduce output price.
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Cs

r
t

t
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.
10FIGURE 5-1 Equilibrium in output market when supply shifts as a result of tech-

nological change.
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The negative price feedback that can be associated with yield-increasing
pest-control strategies is important because it will lead to reduction in
adoption relative to what would have happened with the initial price. It
might also lead to reduction in producers’ profits.

Figure 5-1 provides a graphic presentation of US; this is the area
between the supply curve and the output price. For technology 0, this is
P0A0C0, and for technology 1, it is P1A1C1. The increase in output associ-
ated with the transition from technology 0 to technology 1 is a source of
increase in US, but the reduction in price is a source of US, and the net
effect depends on the properties of the specific demand and supply curve.
When the demand for the final product is very inelastic, US can actually
decline from the introduction of a supply-increasing pest-control strategy
because of the significant drop in price and the relatively small increase in
output that the technology entails.

Consumers’ Surplus (CS)

This category of market impact can intuitively be defined as the dif-
ference between the value of a volume of output to consumers (the maxi-
mal amount that consumers will be willing to pay for a quantity of prod-
uct) and the amount that they actually do pay. The magnitude of CS
depends on the responsiveness of demand to prices. If the price does not
change as quantity changes (for example, in the case of agricultural prod-
ucts that have close substitutes), CS will not be very substantial. But in
products with inelastic demands, where changes in quantity can substan-
tially affect price, the impact of supply enhancement on CS can be sub-
stantial because of the significant price reduction. Therefore, CS consider-
ations might not be very important when one analyzes the impact of pest
control that affects commodities that are internationally traded and where
the United States is playing a small role or that are produced in regions
with relatively small impact on the market. They also might not be impor-
tant for specialty crops with close substitutes. However, CS effect could
be substantial when pest-control strategies are used by producers of agri-
cultural commodities that have a significant market share and products
with inelastic demand. For example, Knutson et al. (1993), found CS ef-
fects to be substantial in their analysis of the impact of banning pesticides
in field crops. Zilberman et al. (1991) found similar results in their analy-
sis of impacts of pesticide bans in major fruit and vegetable crops in
California.

In terms of Figure 5-1, when pest-management strategy 0 is being
used, CS is equal to GP0A0. When strategy 1 is introduced and the price
goes down to P1, CS will increase and consumers will gain because they
will consume more and pay less. That gain is measured by the area
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P0A0A1P1. It represents the reduced expenditures associated with prior
production quantities and some of the added value associated with in-
creased consumption of pesticides. The sum of the consumers’ and users’
surpluses from the use of strategy 0 is measured by the area GA0C0, and
the output market surplus with strategy 1 is GC1A1. The effect of the
introduction of the supply-increasing strategy is to increase CS and the
overall surplus in the output market (the net market effect on producers
and consumers is given by the area  A0A1B in Figure 5-1), but the impact
on US, as mentioned earlier, is unclear and might be negative.

Some special CS considerations associated with pest-control strate-
gies are the following:

1. Product Quality. Pest-control strategies can affect consumer wel-
fare by increasing product quality. Babcock et al. (1992) found that the
impact on apple quality accounted for at least 33 % of the benefit of
fungicides used on apples in North Carolina. Consumers will pay much
more for produce that is available earlier in the season, has higher sugar
content, and is without blemishes. The method of hedonic pricing by
Rosen has been introduced to estimate the price effect of improved prod-
uct characteristics (see Cropper et al. 1988, Parker and Zilberman 1993).

The impact of higher product quality can be represented by an out-
ward shift of the demand curve. For example, if an increase in sugar
content will increase the value of consumption by 5 % per unit, the de-
mand curve will shift upward appropriately because consumers will be
willing to pay a higher price for every level of quantity demanded. As
shown in Figure 5-2, a shift from the initial strategy (strategy 0) to a new
strategy that increases quality but has the same supply costs (strategy 1)
will shift demand from D0 to D1. The output price will increase from P0 to
P1, and output will increase from Y0 to Y1. The overall increase in the
output market surplus in this case will be equal to the area C0A0A1C1 in
Figure 5-2. The analysis suggests that assessment of the impact of pest-
control strategies should quantify the product-quality effect and assess its
influence on production, prices, and overall welfare.

2. Dynamic Considerations. An assessment of impact of pest-control
strategy on consumer welfare must recognize that the impact changes
over time. If Cst is consumer surplus at year t, CS associated with a given
pest-control strategy is a discounted sum of surpluses over the years and
can be written as

CS
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The price effect of the pest-control strategy can change over time. For
example, if a new supply-increasing strategy is introduced, adoptions in
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early years might be low and the price effect not very significant. Over
time, increased adoptions would lead to outward price reduction. The CS
can change over time because of exogenous factors, such as population
growth. Increased population might tend to increase the demand for a
product and the annual CS associated with the pest-control strategy.

3. Final versus Intermediate Good. Many agricultural commodities
are intermediate goods for the production of final goods. For example,
alfalfa, corn, and soybeans are used as feed products in the production of
meats. Therefore, analysis of CS effects have to incorporate factors that
affect both the grain market and the final-product market. Knutson et al.
(1990) show that a pesticide ban in grain crops will reduce consumer
welfare substantially through its impact on the price of meats. They sepa-
rated the impacts of the ban into impacts on feed-crop growers, livestock
operators, and final consumers. When agricultural products go through
several stages of processing, intermediate surpluses have to be derived.

FIGURE 5-2  Equilibrium in output market with change in product quality.
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Environmental and Health Costs (EHC)

Pest-control strategies have significant effects on human health and
various dimensions of environmental quality. Some of the effects can be
quantified and monetized, and the quantification should be incorporated
into the cost-benefit analysis.

The health costs associated with pest-control strategies are denoted
by HC and are in several categories shown below.

• Worker safety costs (WSC). WSC is the sum of several cost catego-
ries. These consist of sick days and their attributed costs (e.g., the costs of
medical treatment, earnings lost, and pain and suffering (Viscusi and
Magat 1987). An even more sensitive category is statistical mortality,
which is multiplied by an attributed value. Zeckhauser (1975) and Thaler
and Rosen (1976) provided methodological guidelines to value statistical
life, and Cropper et al. (1996) provide an overview of the implied valua-
tion of life associated with existing pesticide policies. (The notion of statis-
tical death reflects the estimate that there is a small probability of acciden-
tal death due to worker use of a pest-control strategy. This probability,
multiplied by the size of the population involved, provides an estimate of
statistical death.)

Risk-assessment method have been developed to quantify the vari-
ous types of accidents associated with different production activities, in-
cluding pest-control activities. If we consider the number of worker sick-
days per period (year) associated with a particular pesticide strategy, SD,

SD Ai i
i

=
=
∑ α

1

1

where Ai is the acreage in regioni and i is the sick-day-per acre coefficient,
SD depends on the material used in the pest-control strategy and the
exposure level (which depends on quantity of material used, how it is
applied, type of protection gear worn, weather conditions during applica-
tion, and vulnerability of the exposed population).

• Food-safety costs (FSC). FSC includes the effects on human health
of exposure to materials used in pest-control strategies during and after
production. The effects vary with age, location, and individual and are a
source of major concern. FSC is also a sum of subcategories, including
sick-day costs, mortality costs, and costs of disposal and treatment of
contaminated food. For each subcategory of cost, the expected number of
accidents is proportional to the quantity of output produced in each re-
gion multiplied by coefficients that reflect the risk per unit of output. The
coefficients are affected by residue levels, toxicity of materials, and vul-
nerability to the materials.
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When it comes to FSC, costs are associated with perceptions and un-
certainty. Consumers might view some treatment of food products as less
desirable than others because they feel that it makes products less safe or
wholesome. Some studies have estimated willingness to pay for pesti-
cide-free food (van Ravenswaay and Hoehn 1991). Assessment of pest-
control strategies should take into account that some perceptional cost or
benefit is associated with the use of strategies in production of foods.
When everything else is equal, these considerations could make some
strategies more desirable.

• Other exposure costs (OEC). OEC include exposure to residues of
material used in pest-control strategies. People might be exposed to toxic
materials when they enter a sprayed field or fumigated storage area. OEC
also includes accidental poisoning associated with mistaken consumption
of chemicals. Humans might be exposed to chemical residues in the water
or materials carried through the air. Again, assessment of strategies has to
recognize the magnitude of accidental effects on third parties. When the
effects are deemed substantial, the estimation of mortality and morbidity
cases will provide the foundation for computing the OEC.

HC can be estimated:

HC = WSC + FSC + OHC.

Several important issues can arise in quantifying HC.

1. Dynamic Considerations. The health effects of different pesticide
strategies might occur at different times, and they require adjustment in
computation procedures. Therefore, it could be useful to break each cat-
egory of HC into annual components. HC is then the discounted sum of
the annual costs. Some materials might cause acute problems, others may
cause chronic problems that will be discovered years later. There is also
the issue of cumulative exposure. It is useful to break the annual health
costs into these subcategories.

2. Uncertainty Considerations. Quantification of health risks is an
immense challenge, and variances of risk assessment are important. A
major problem is that different risk assessment coefficients are estimated
at various levels of reliability. For example, some studies provide average
risks posed by a particular pest-control strategy, and others provide risk
estimates that may not be exceeded at 99 % probability. For consistent
quantification, all risk estimates should be converted to the same degree
of reliability, say, the mean of a level that is not exceeded at 95 % probabil-
ity. Harper and Zilberman (1989) demonstrate that the quantitative health
risk estimates associated with alternative pesticide use regulations in
California’s Imperial Valley vary by several orders of magnitude when
derived with different degrees of reliability. They and others also demon-
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strate how tradeoffs between health risks and economic benefits can be
meaningful only when all health risk estimates are consistent.

Environmental Costs and Benefits (ECB)

Several categories of environmental costs can be associated with pes-
ticide strategies. The strategies might also have some benefits relative to
an initial situation. The categories of environmental costs and benefits are
described briefly below.

Nontarget Species Costs (NTC)

Environmental nontarget costs are borne by society and distinguished
from production nontarget costs (damage to beneficial pests that reduces
productivity), which are borne by users. Pest-control activities can harm
species that provide benefits through various use categories (for example,
hunting, fishing, birdwatching, and pollination), through biodiversity,
and through existence (see Randall and Stoll (1983) for discussion of such
benefits and how to assess them). NTC can be presented as

βi i
i

A
=
∑

1

1

where  βi is nontarget species cost per acre in region i, and it is multiplied
by the acreage to provide an estimate of the regional NTC.

Damage to Property and Resources (DRC)

Various pesticide strategies can lead to residues that contaminate
nearby property. For example, aerial spraying of pesticides might cause
damage to nearby land and structures. A more severe problem is ground-
water and surface-water contamination by chemicals, which can cost hun-
dred of millions of dollars to clean (see Lichtenberg et al. (1988) for stud-
ies on the clean-up costs of 1,2-dibromo-3-chloropropane, DBCP).
Environmental damage depends on the manner of application. When ap-
plying materials like chemicals, one can separate applied input and effec-
tive input, and the application technology will determine the input use
efficiency (percentage of material that is actually used in production). The
residue coefficient is 1 minus the input use efficiency. Higher penalties for
environmental contamination would lead to adoption of more precise
application technologies that would reduce residues and environmental
damage (Khanna and Zilberman 1997).
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Environmental Costs and Benefits of Resource Use (ECBR)

Various pest-control strategies affect directly and indirectly the
amounts of resources used in agricultural activities. For example, a pesti-
cide strategy might increase yield per acre substantially and thus reduce
agricultural land and water use relative to an initial benchmark. The re-
leased land might provide substantial environmental benefits as habitat
for wildlife- preservation activities. Another pest-control strategy that
might be perceived as environmentally friendly but decreases productiv-
ity per acre and lead to expansion of the land base and water resources
used. If γi is the environmental cost of an acre added to production in
region i because of an environmental strategy,

ECBR Ai
i

i=
=
∑γ

1

1

As with other cost categories, dynamic and uncertainty considerations
affect environmental costs and benefits. When it comes to the nontarget
costs, quantification and monetization present serious problems. It is ex-
tremely important in an assessment to at least be aware of the different
types of environmental costs and, when possible, quantify them in physi-
cal units.

Government Net Costs (GNC)

Implementation of different pest-control strategies might require sub-
stantial government involvement. Government might need to finance
some of the basic and applied research that leads to establishment of such
strategies and need to spend resources on education, extension, monitor-
ing, and enforcement of regulations. Or, government might receive in-
come through taxes and penalty payments. All those costs have to be
taken into account when benefits and costs of various categories are con-
sidered.

Evaluation

All the different benefit and cost items that are associated with a
pesticide strategy are summed to generate the net benefit (NB) of the
strategy:

NB = CS + PS – EHC – GNC.

NB equals the sum of consumer surplus and producer surplus, minus
environmental health costs and government net costs. Detailed calcula-
tions require quantification of each of the subcategories, recognizing time
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variation and discounting net benefits of different years, and finally ad-
justing for uncertainty. Such an adjustment can be provided by a range of
net benefit values rather than one number.

The analysis thus far might have ignored international trade consid-
erations, which can be important in assessing pesticide strategies, espe-
cially because more than 50 % of the output of some products is exported.
Knutson et al. (1990) developed applications that specifically consider the
trade effect of pesticide bans. Our analysis has emphasized the impor-
tance of economy wide changes and regional heterogeneity in obtaining
realistic assessments of various strategies. For a more detailed under-
standing of how some of the biological considerations should enter into
impact assessment, we present below a farm-level framework of analysis.

MODEL FOR DESIGN AND EVALUATION OF PEST-
MANAGEMENT STRATEGIES ON THE FARM SCALE

A generalized model for design and evaluation of pest-management
strategies on the farm scale is based on modification of the model pre-
sented by Higley and Wintersteen (1992). The model evaluates the ben-
efits and costs associated with a set of alternative strategies. In addition, it
identifies the pest-management strategies that fit some minimal criteria
and those which maximize “net good”. Net good could include net eco-
nomic returns, low environmental impact, maximal durability, or an opti-
mization over a set of these and other criteria. Optimization over all the
factors requires a common currency for net good and can be used to
determine the pest densities required to use a pesticide on the basis of
accumulated costs. For example, the conceptual model can be expressed
as follows for a crop on a farm, with the common currency units (in this
example, dollars) listed below each parameter:

net return = [Agricultural Production × (price received – dockage from
pest)] – costs

$/acre/year = unit production/acre $/unit production
$/unit production $/acre

year

where agricultural production (yield) is a function of pest abundance
(here assumed to be additive among different pests),

Pest Abundance = (Nw + Ni + Np + Nj)
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where Nw is weed abundance, Ni is insect pest abundance, Np is pathogen
abundance and Nj is any other pest abundance that can have an impact on
agricultural production.

Costs include all the management costs associated with growing a
crop or producing an agricultural product on the farm. The pest-manage-
ment costs can be summed as follows:

Mw + Mi + Mp + Mj

where Mw is cost of weed management, Mi is cost of insect management
and Mp is cost of pathogen management and Mj is cost of other pest
management. The cost associated with the evolution of resistance to a
pesticide is referred to as “durability cost” and is the cost difference be-
tween the current pesticide and an alternative management method (Md)
required after the evolution of resistance in the pest. The cost associated
with pest impact on human health (Hp) and pest management on human
health (Hpm) can also be included. The cost of environmental degradation
associated with pest management (Epm) and associated with the pest itself
(Ep) on the farm are also variables that can be included. Higley and
Wintersteen (1992) demonstrated the use of contingent valuation surveys
to estimate monetary costs associated with environmental degradation
resulting from agricultural pest management. The cost of special technol-
ogy and information for pest management (Tpm), and all other costs asso-
ciated with growing the crop (O) are additional variables that can be
included in the estimation of net return.

Net return = [yield x (price received – dockage from pest) – ( Hp + Ep)] –
[(Mw + Mi + Mp + Mj + Md + Hpm + Epm + Tpm + O)]

Assessment with Model

If net return (NR) is less than zero across the possible range of pest
abundance, the logical conclusion is to reject the pest-management strat-
egy. NR must be greater than zero to conclude that a pesticide is worth
using in the system. If NR is greater than zero, then its value relative to
other practices assessed in the same manner to manage the same pest(s)
determines the relative importance of the pesticide in the management
system. This example uses NR as the dependent variable, but other mea-
sures of response to pesticides—such as crop yield, environmental qual-
ity, or human effects—could be used.
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Identifying Research Needs

The model presented above could be used to identify which param-
eters and their interactions are most important in determining the net
return from a particular pest- management practice. Research would fo-
cus on the interrelationships between parameters in the model. Various
portions of the model require research:

• The relationship between cost of management and its impact on
the pest needs study. For example, herbicide evaluation is usually based
on the proportion of the weed population killed, whereas crop yield might
be adequately increased by weed injury that could be achieved with rates
of much lower herbicide use.

• The model provides the ability to quantify interactions among pests
(insects, pathogens, and weeds) and their management. Different pests in
the same agroecosystem are often managed independently, and this can
lead to wasted pesticide applications if there are interactions among the
pests or the methods used to manage them. For example, two major pests
of dry-land spring wheat are wild oats (weed) and wheat-stem-sawfly
(insect). The wheat-stem-sawfly life cycle is broken in the presence of
wild oats because the larvae do not survive in the stems of wild oats and
there is no selective preference for laying eggs in the wheat or wild oats
(Sing et al. 1999). Thus, the weed has positive value for reducing the
impact of the insect pest, which would increase the economic injury level
for the weed.

• The model does not include future impacts of pests that are left
behind when the current pest density is below the economic injury level
(EIL). Studies that determine parameters for pest population temporal
and spatial dynamics
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6

Conclusions and Recommendations

The National Research Council charged this committee with provid-
ing insight and information on the future of chemical pesticide use in
United States agriculture. The committee was charged to:

• Identify the circumstances under which chemical pesticides may be
required in future pest management.

• Determine what types of chemical products are the most appropri-
ate tools for ecologically based pest management.

• Explore the most promising opportunities to increase benefits and
reduce health and environmental risks of pesticide use.

• Recommend an appropriate role for the public sector in research,
product development, product testing and registration, implementation
of pesticide use strategies, and public education about pesticides.

The scope of the study was to encompass pesticide use in production
systems—processing, storage, and transportation of field crops, fruits,
vegetables, ornamentals, fiber (including forest products), livestock, and
the products of aquaculture. Pests to be considered included weeds,
pathogens, and vertebrate and invertebrate organisms that must normally
be managed to protect crops, livestock, and urban ecosystems. All aspects
of pesticide research were to be considered—identification of pest behav-
ior in the ecosystem, pest biochemistry and physiology, resistance man-
agement, impacts of pesticides on economic systems, and so on.

Because its task was so broad and it had a relatively short period for
its study, the committee met five times over 11 months in 1998 and held
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three workshops to seek input from the public. A critical early challenge
was to refine the charge. The committee defined the future of agriculture
to be the next 10–20 years. Beyond 20 years, it was felt that predicting
technological innovations and their effects is extremely difficult. For ex-
ample, it would have been extremely prescient for someone to predict in
1979 that within 20 years transgenic varieties would constitute upwards
of 25% of all planted acreage of some crops. A 20-year span apparently is
also sufficient for adverse unexpected effects of technology to manifest
themselves. In the case, for example, of the chlorinated hydrocarbons,
widespread use beginning in the early 1950s culminated in regulatory
restrictions in the early 1970s (Chapter 2).

The committee also felt that the term pesticide required a more precise
definition for the purpose of its report. The legal definition, set forth in the
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), is in part
inconsistent with biological definitions of pesticides. The definition also
has social aspects; public perceptions color related policy discussions and
decisions (Chapter 2). Accordingly, the committee took a broad view of
pesticide, including the strict legal definition, but also including microbial
pesticides, plant metabolites, and agents used in veterinary medicine to
control insect and nematode pests (Chapter 2).

With respect to the first charge—to identify circumstances in which
chemical pesticides will continue to be needed in pest management—the
committee decided early during its deliberations that an assessment of
the full range of agricultural pests and of the composition and deploy-
ment of chemical pesticides to control pests in various environments
would be an impossible task because of the large volume of data and the
number of analyses required to generate a credible evaluation. The com-
mittee reviewed the literature and received expert testimony on the po-
tential effects of pesticides on productivity, environment, and human
health (Chapter 2) and on the potential to reduce overall risks by improv-
ing IPM approaches that use chemicals under diverse conditions—soils,
crops, climates, and farm-management practices. The committee con-
cluded that uses and potential effects of chemical pesticides and alterna-
tives to improve pest management vary considerably among ecosystems.
That conclusion was reinforced by expanded solicitation of expert opin-
ion (Chapter 5). Overall, the committee concluded that chemical pesti-
cides will continue to play a role in pest management for the foreseeable
future, in part because environmental compatibility of products is in-
creasing—particularly with the growing proportion of reduced-risk pesti-
cides being registered with the Environmental Protection Agency (EPA)
(Chapter 4), and in part because competitive alternatives are not univer-
sally available. In many situations, the benefits of pesticide use are high
relative to risks or there are no practical alternatives.
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With respect to the second charge—to determine the types of chemi-
cal products that are most appropriate for ecologically based pest man-
agement—the committee concluded that societal concerns, scientific ad-
vances, and regulatory pressures have driven and continue to drive some
of the more hazardous products from the marketplace. Synthetic organic
insecticides traditionally associated with broad nontarget effects, with
potentially hazardous residues, and with exposure risks to applicators
are expected to occupy a decreasing market share (Chapter 3). This trend
has been promoted by regulatory changes that restricted use of older
chemicals and by technological changes that lead to competitive alterna-
tive products (Chapters 3 and 4). Many products registered in the last
decade have safer properties and smaller environmental impacts than
older synthetic organic pesticides (Chapter 4). The novel chemical prod-
ucts that will dominate in the near future will most likely have a very
different genesis from traditional synthetic organic insecticides; the num-
ber and diversity of biological sources will increase, and products that
originate in chemistry laboratories will be designed with particular target
sites or modes of action in mind (Chapter 4). Innovations in pesticide-
delivery systems (notably, in plants) promise to reduce adverse environ-
mental impacts even further but are not expected to eliminate them.

The committee recognized, however, that the new products share
many of the problems that have been presented by traditional synthetic
organic insecticides. For example, there is no evidence that any of the new
chemical and biotechnology products are completely free of the classic
problems of resistance acquisition, nontarget effects, and residue expo-
sure. Genetically engineered organisms that reduce pest pressure consti-
tute a “new generation” of pest-management tools, but genetically engi-
neered crops that express a control chemical can exert strong selection for
resistance in pests (Chapter 4). Similarly, genetically engineered crops
that depend upon the concomitant use of a single chemical pesticide with
a mode of action similar to that of the transgenically expressed trait could
increase the development of pest resistance to the chemical. Moreover,
adverse environmental impacts are still considerations (Losey et al., 1999).
A recent study, for example, has revealed that a variety of transgenic
Bacillus thuringiensis (Bt) corn has been found to release Bt toxins into the
soils via root exudates (Saxena et al. 1999). Thus, the use of transgenic
crops will probably maintain, or even increase, the need for effective
resistance-management programs, novel genes that protect crops, chemi-
cals with new modes of action and nonpesticide management techniques.

There remains a need for new chemicals that are compatible with
ecologically based pest management and applicator and worker safety.
Food residues have been addressed in previous National Research Coun-
cil reports (for example, Pesticides in the Diets of Infants and Children,
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NRC 1993), but applicator and worker safety remains a concern for this
committee.

Recommendation 1. There is no justification for completely aban-
doning chemicals per se as components in the defensive toolbox
used for managing pests. The committee recommends maintaining
a diversity of tools for maximizing flexibility, precision, and stabil-
ity of pest management.

No single pest-management strategy will work reliably in all man-
aged or natural ecosystems. Indeed, such “magic bullet” fantasies have
historically contributed to overuse and resistance problems (Chapter 2).
Chemical pesticides should not automatically be given the highest prior-
ity. Whether they should be considered tools of last resort depends on
features of the particular system in which pest management is being used
(for example, agriculture, forest, or household) and on the degree of expo-
sure of humans and nontarget organisms. Pesticides should be evaluated
in conjunction with all other alternative management practices not only
with respect to efficacy, cost, and ease of implementation but also with
respect to long-term sustainability, environmental impact, and health.

With regard to the second charge—identifying what types of chemi-
cal products will be required in specific managed ecosystems or localities
in which particular chemical products will continue to be required—the
committee decided that there is too much variability within and among
systems to provide coherent and consistent recommendations. Differences
among managed and natural ecosystems in biological factors, such as
pest pressure, and in economic factors, such as profitability, make gener-
alizations about particular products of little value. Indeed, generalizing
across systems as to the necessity of pesticides is responsible in part for
many concerns and conflicts of opinion.

As for the third charge—to identify the most promising opportunities
for increasing benefits of and reducing risks posed by pesticide use—the
committee identified these:

• Make research investments and policy changes that emphasize de-
velopment of pesticides and application technologies that pose reduced
health risks and are compatible with ecologically based pest manage-
ment.

• Promote scientific and social initiatives to make development and
use of alternatives to pesticides more competitive in a wide variety of
managed and natural ecosystems.

• Increase the ability and motivation of agricultural workers to lessen
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their exposure to potentially harmful chemicals and refine worker-protec-
tion regulations and enforce compliance with them.

• Reduce adverse off-target effects by judicious choice of chemical
agents, implementation of precision application technology and determi-
nation of economic- and environmental-impact thresholds for pesticide
use in more agricultural systems.

• Reduce the overall environmental impact of the agricultural
enterprise.

The most promising opportunity for increasing benefits and reducing
risks is to invest time, money, and effort into developing a diverse toolbox
of pest-management strategies that include safe products and practices
that integrate chemical approaches into an overall, ecologically based
framework to optimize sustainable production, environmental quality,
and human health.

With respect to the fourth charge—recommending an appropriate
role for the public sector in research, product development, product test-
ing and registration, implementation of pesticide use strategies, and pub-
lic education about pesticides—the committee agreed that specific policy
actions in research, education, regulation, and management can enhance
the likelihood that the opportunity for public-sector contributions is not
missed.

Research topics that should be targeted by the public sector include

• Minor-use crops.
• Pest biology and ecology.
• Integration of several pest-management tools in managed and

natural ecosystems.
• Targeted applications of pesticides.
• Risk perception and risk assessment of pesticides and their alterna-

tives.
• Economic and social impacts of pesticide use.

TRADEOFFS IN PESTICIDE DECISION-MAKING

Members of a society differ in their evaluation of and preferences for
pesticide use in agriculture. Because a society has limited resources and
government cannot meet everyone’s expectations, tradeoffs become cen-
tral to policy decision-making. Making wise tradeoffs is one of the most
difficult challenges for policy-makers. A role for government is to achieve
a fair balance between the risks that a community bears and the benefits
that it receives.

In general, cost-benefit analyses are important tools for informing
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public-policy decisions regarding use of chemical pesticides. The impacts
of pesticides on the economy and environment are measured in monetary
terms, and estimates are incorporated into comparisons of costs and ben-
efits associated with alternative public actions. A considerable body of
evidence exists on potential risks posed by and benefits of established
categories of some pesticides; however, there are many uncertainties in
measuring the full array of benefits and costs of pesticide use. Further-
more, the Food Quality Protection Act has fundamentally changed the
use of cost-benefit analyses in that the law now largely precludes consid-
eration of benefits.

Pesticides provide economic benefits to producers (Chapter 2) and by
extension to consumers. One of the major benefits of pesticides is protec-
tion of crop quality and yield. Pesticides can under some circumstances
prevent large crop losses, thus raising agricultural output and farm in-
come (Zilberman 1997). The increased supply of crops can be passed on to
consumers in the form of lower food prices (although low prices can
adversely affect farmers regardless of production increases). Many farm-
ers are responsible land stewards and are concerned with potential envi-
ronmental impacts of pesticides, but it is unrealistic to expect most farm-
ers to adopt alternative pest-management strategies that would decrease
their profits without the use of some policy incentives and disincentives.

Recommendation 2. A concerted effort in research and policy should
be made to increase the competitiveness of alternatives to chemical
pesticides; this effort is a necessary prerequisite for diversifying
the pest-management “toolbox” in an era of rapid economic and
ecological change.

Many involved with agriculture recognize that pest-control practices
can be improved. Lack of efficacy, risks to workers who apply pesticides,
and threats to the environment often are cited as constraints of current
pest-management strategies. Some producers are adopting alternatives to
pesticides as part of a holistic management approach that integrates mul-
tiple farming objectives with agroenvironmental goals. A grower’s deci-
sion to use pesticides depends on a broad array of biological and eco-
nomic factors. However, a decision to use pesticides can alter the
environment in ways that affect later pest-management choices.

Organic foods and ecolabeling markets are creating new opportuni-
ties for growers who are willing to reduce or exclude synthetic chemicals
in their production practices. Environmentally friendly products appeal
to consumers, too; organic food sales are growing at a rate of 20%/year in
the United States. Yet policy analysts report that only 0.1% of agricultural
research is devoted to organic farming practices. (Chapter 3). Availability
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of alternative pest-management tools will be critical to meet the produc-
tion standards and stiff competition expected in these niche markets.

Globalization policies and practices are affecting pest management
on and off the farm. Reduction in trade barriers increases competitive
pressures and provides extra incentives for United States farmers to re-
duce costs and increase crop yields. In a global marketplace, United States
farmers can compete with farmers from other countries where labor, land,
and input costs are lower only by being more “productive,” with higher
yields per acre. Other forms of trade barriers create disincentives for
adopting new technologies (such as the reluctance of the European Union
to accept genetically modified organisms). It is not well understood how
globalization will affect agriculture in developing countries, where 80%
of the world’s population lives (Schuh 1999). It is likely that trade will
increase the spread of invasive pest species and pose risks to domestic
plants and animals, as well as populations of native flora and fauna.
Increased pressure to phase out the widely used ozone-depleting chemi-
cal methyl bromide has raised questions as to the availability of cost-
effective substitutes. To meet those emerging global pest problems, re-
searchers will need to develop effective, environmentally compatible, and
efficient pest controls as a complement to a suite of prevention strategies.

Nontarget effects of exposure of humans and the environment to pes-
ticide residues are a continuing concern. The side effects of pesticide use
vary over time and space. In many cases, the environmental damage
associated with the application of a chemical in a riparian zone, for ex-
ample, is much larger than that associated with an application in other
areas. When it comes to a local environmental-quality problem caused by
pesticide use, application technologies and the location matter much more
than the volume of pesticide applied. Numerous studies have shown that
pesticides decrease crop loss, but the potential indirect environmental
impacts of pesticides are not easily determined. The application of pesti-
cides results in indirect effects on ecosystems by reducing local biodive-
rsity and by changing the flow of energy and nutrients through the sys-
tem as the biomass attributable to individual species is altered (Chapter
4). Pesticide policies should be based on sound science; where there is
uncertainty, expert judgment will become more important in decision-
making. Across-the-board pesticide policies that do not account for bio-
logical and ecological factors and for socioeconomic influences are likely
to be less effective.

Pesticide resistance now is universal across taxa (Chapter 2). Pests
will adapt to counter any control strategy that results in the death or
reduced fitness of a substantial portion of their population. Cultural and
biological controls are not immune to evolution of resistance. Pesticide
resistance is conspicuous because of the intensity of selection by high-
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efficacy chemicals. Most cases of insecticide resistance are to chlorinated
hydrocarbons because these compounds have been in widespread con-
tinuous use for many years. Herbicide resistance is becoming more of a
problem, and severe impacts can occur when there are no alternative
herbicides to control the resistant genotypes or when available alterna-
tives are relatively expensive. By spreading the burden of crop protection
over multiple tactics, rather than relying on a single tool, farmers will face
less risk of crop loss and lower rates of pest adaptation to control mea-
sures (Bessin et al. 1990, Vangessel et al. 1996). Because pests will continue
to evolve in response to pest controls, research needs to support develop-
ment of pest-management tools that reduce selection pressure, delay se-
lection for resistance, and thus increase the life of chemical and other
products.

GOVERNMENT SUPPORT OF RESEARCH AND DEVELOPMENT

There are several justifications for public engagement in these lines of
research. First, there is underinvestment from a social perspective in pri-
vate-sector research because companies will aim to maximize only what
we have called suppliers’ surplus (difference between suppliers’ income
and their production costs) rather than the social surplus. Companies will
compare their expected profits from their patented products resulting
from research and will not consider the benefits to consumers and users.
For example, the development and release of a self-sustaining biological
control agent, such as a parasitoid or entomopathogen, or the develop-
ment of an integrated crop-rotation program might benefit farmers and
food consumers but not provide a marketable commodity to a company.
Second, research activities are very risky, and even big corporations might
have a higher aversion to risks than society does, and that will lead to
underinvestment in risky research activities (Sandmo 1971). Recent de-
velopments in computers and medical biotechnology illustrate this point.
Many of the breakthrough innovations in these fields were the result of
publicly funded university research whose results were patented. The
rights to use the patents were sold to new startup companies that in many
cases were the result of partnerships between university professors and
venture capitalists (Zilberman et al.1998, Parker et al. 1998). That is the
case with important companies that include Sun, Cisco, Netscape,
Genentech, Chiron, and, in agriculture, Calgene. Major corporations often
take over such companies once they are established. Publicly supported
university research, through the process of technology transfer, has be-
come a source of economic growth in the United States, and this model is
now being imitated elsewhere (Levy 1998). One reason that biotechnol-
ogy research in agriculture is lagging in its development relative to medi-
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cal biotechnology is the paucity of public support of discoveries in agri-
culture.

A third reason why public research might lead to innovations that
elude the private sector is the different incentives that researchers in the
private and public sectors face. For the most part, private sector research-
ers emphasize projects that improve existing product lines. The advance-
ment of public researchers is affected by their publications in refereed
journals, where novelty and originality have a premium. This argument
suggests that public research grants should be allocated competitively to
generate the highest-quality research.

A fourth argument for public support of research is that much of the
funding is allocated to institutions of higher learning and used to train
future scientists for the private sector. Availability of trained scientists
will be a key to future innovation in pest-management technologies. Fi-
nally, the public sector should conduct research in areas that are pursued
by the private sector to have the information and background for regula-
tory purposes.

Provision of information to policy-makers and the need to design and
enforce policies to address problems of externalities is a justification of
public research on benefit-risk assessment, producers’ behavior, and en-
vironmental fate (externalities occur when activities of one economic agent
indirectly affect the well-being of another—for example, by generating
pollution). Because one avenue to reduce side effects of pesticides is im-
proving application technologies, and the private sector might not invest
in developing such innovations until policy incentives are enacted, the
public sector can conduct some basic research in application technology
to identify feasible avenues that will provide basic information in assess-
ing new regulations.

The private sector is likely to invest in development and regulatory
activities needed to introduce pest-control technologies for major mar-
kets. However, the private sector often cannot capture these costs in the
case of specialty crops (such as, fruit, vegetable, and nursery crops). If one
adds consumer and user surpluses to supplier surplus for these crops, the
net social benefits might be positive. Therefore, one idea for government
intervention is to support and provide extra incentives for the introduc-
tion of pest control in specialty crops where consumer surpluses could be
important and supplier surpluses are typically small.

Pests will continue to thrive, and a strong science and technological
base will be needed to support management decisions. We need to con-
tinue to use the best science to resolve these questions, and policy-makers
need to use the best science in their decision-making. As new technolo-
gies develop, theoretical frameworks for resolving such questions con-
tinue to be developed.
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Recommendation 3. Investments in research by the public sector
should emphasize those areas of pest management that are not now
being (and historically have never been) undertaken by private in-
dustry.

Federal funding of pesticide research has historically had a very nar-
row base, as seen with the Agricultural Research Service and National
Science Foundation (NSF) funding (Chapter 1).

To diversify the range of tools available for managing pests, a diver-
sity of approaches would be beneficial. The chief desirable policy changes
to diversify the research enterprise are highlighted below.

Recommendation 3a. Investment in pest management research at
USDA should be increased and restructured in particular to steadily
increase the proportion and absolute amounts directed toward com-
petitive grants in the National Research Initiative Competitive
Grants Program (NRI), as opposed to earmarked projects.

A greater emphasis on research—not only on chemicals themselves,
but also on the ecological consequences of pesticide use—can increase the
probability that new products will be readily integrated into ecologically
based pest-management systems. Pest biology and management studies
represented some 15–17% of the funding allocations under NRI in 1998
and 1999; however, only 15 studies of biologically based pest manage-
ment were funded in each of the last 2 years (USDA 2000).

Recommendation 3b. Total investment in pest management and the
rate of new discoveries should be increased by broadening mis-
sions at funding agencies other than USDA—specifically, the Na-
tional Institutes of Health (NIH), the NSF, EPA, Department of
Energy (DOE), and the Food and Drug Administration (FDA) to
address biological, biochemical, and chemical research that can be
applied to ecologically based pest management.

The perspective on research and development and new products
should be global and should take into account the collaboration and part-
nerships in research.

Investment in basic research applicable to ecologically based pest
management is consistent with the missions of the funding agencies. Such
initiatives could include

• Obtaining the ecological and evolutionary biological information
necessary for design and implementation of specific pest-management
systems.
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• Identifying ways to enhance the competitiveness of alternatives or
adjuncts by investing in studies of cultural and biological control.

• Elucidating fundamental pest biochemistry, physiology, ecology,
genomics, and genetics to generate information that can lead to novel
pest-control approaches.

• Examining residue management, environmental fate (biological,
physical, and chemical), and application technology to monitor and re-
duce environmental damage and adverse health effects of both pesticides
and pesticide alternatives.

The lack of basic information on pest population spatial and temporal
dynamics is a major impediment to implementation of ecologically based
pest management. NSF and EPA could make an important contribution
by funding research associated with understanding of pest-population
and community dynamics. This type of research is funded by these agen-
cies, but it focuses mostly on natural, as opposed to managed, ecosys-
tems. In addition, all agencies could improve the basic understanding of
pests and their impacts by funding longer-term projects that would ad-
equately capture the variability in pest dynamics, including pesticide-
resistance evolution, under alternative management systems.

Recommendation 3c. On-farm studies, in addition to laboratory and
test-plot studies, are a necessary component of the research enter-
prise. Investment in implementation research, which helps to re-
solve the practical difficulties that hinder progression from basic
findings to operational utility, is needed.

The idiosyncratic nature of individual agroecosystems limits the util-
ity of both laboratory and test-plot studies in predicting the efficacy of
pest-management strategies. An increased emphasis on large-scale and
long-term on-farm studies through the use of the global positioning sys-
tem (GPS) and global information system (GIS) technologies could con-
tribute substantially to diversifying management tools and approaches.
The goal might be best achieved by investment of at least some ear-
marked funds to ensure stability of funding. Such research programs
should remove the gap between “basic” and “demonstration” research
for all managed and natural ecosystems. USDA needs to fund applied
research because there are limits to models that serve basic science as
well. Such models advance fundamental knowledge, but often the major
economic problems involve organisms that are hardly ideal from a fun-
damental scientific viewpoint. These problems can be best addressed by
research on the organisms in question. The information generated by
applied on-farm research is crucial to extension scientists, crop consult-
ants, and producers.
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Recommendation 3d. Basic research on public perceptions and on
risk assessment and analysis would be useful in promoting wide-
spread acceptance and adoption of ecologically based management
approaches.

The body of literature evaluating public responses to agrochemicals
in particular and pest management in general is not extensive. Surveys
that have been done (e.g., Potter and Bessin, 1998, Chapter 3) indicate that
communication with the public about pesticides and their alternatives
has been ineffectual. Media coverage of integrated pest management
(IPM) in widely circulated urban newspapers is sketchy and tends to
focus on urban issues, thus providing little useful information to readers
relevant to integrated pest management in agricultural settings (Caldwell
et al. 2000). Although there have been substantial advances in research on
risk perception in recent years, risk communication is a relatively new
discipline (Petersen, 2000). Research priorities include elucidating impacts
of increasing benefit perceptions in risk communication, developing em-
pirical methods for more accurate characterization of public perceptions,
identifying reasons for differing qualitative and quantitative perceptions
about pesticide technology and agrobiotechnology, and determining
whether risk communication can reduce the gap that exists between pub-
lic perceptions and scientific risk assessments (Petersen 2000).

Funding of New Ventures in Agricultural
Biotechnology and Biopesticides

A broad body of research in economics and policy has investigated
the role of the public sector in the economy (Laffont 1988). A major justi-
fication of government intervention is that it can improve the efficiency of
the economy by instituting policies that expand the human well-being
derived from the resource base. To improve efficiency, government inter-
vention might be required to establish and enforce property rights, over-
come deficiencies in information availability, regulate monopolistic be-
havior, provide the institutional foundation to settle externality problems,
or augment the provision of public goods. Public goods are products and
activities to which people have free access for which they do not need to
compete; free air is a pure public good, as is national defense. Because of
open access, individual consumers and producers might underinvest in
public goods and have a tendency to take these resources for granted. The
need for public-sector intervention in the economy is quantitatively de-
termined by comparing socially optimal resource outcomes with market
outcomes. For example, if monopolies underproduce and overcharge for
their products, government regulation could lead to increased production
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and lower prices. Government investment is needed to provide optimal
levels of public goods so that incremental social benefits are equal to
incremental social costs.

The public sector consists of various layers of government (local, state,
federal, and international). In theory, each level of government addresses
problems that affect its constituency. The justifications of government
intervention in the management of pest control include the need to ad-
dress the externality problems associated with the human and environ-
mental health effects of pesticides and the information uncertainties
regarding pesticides and their impacts. The performance and value of
pest-control technologies depend on their specific properties and the man-
ner of their application. The regulatory process has been designed to
screen out the riskier materials. However, few incentives exist for efficient
and environmentally sound pest-control management strategies. Intro-
duction of incentives that would reduce the reliance on riskier pest-con-
trol strategies and encourage the use of environmentally friendly strate-
gies is likely to lead to increased efficiency in pesticide use. Such incentives
as taxes and fees for the use of various categories of chemicals have been
recommended, but because of user objections they might not always be
politically feasible. Users might prefer subsidies to reduce pesticide loads,
but this policy may strain the public budget.

Establishing regional pesticide targets and implementing them
through tradable permits is a better solution that will achieve the same
outcome. Because the environmental effects of pesticides can vary with
location, one policy approach to reduce pesticide use in an environmen-
tally sensitive area is to institute programs like the Conservation Reserve
Program, which pays farmers to modify their behavior in a way that will
promote improved environmental quality. Another practical policy that
seems to have worked is to condition entitlement to government pro-
grams on meeting specified criteria of environmental stewardship. Be-
cause pest-control devices are often used as mechanisms to reduce uncer-
tainty, experiments with subsidized insurance schemes against pest
damage might constitute another avenue to induce adoption of improved
pesticide practices.

Worker-safety concerns have emerged as a major problem associated
with pesticide use. There have been some important improvements, ow-
ing, in part, to the mandates of the 1992 Worker Protection Standards
(WPS) and the 1996 Food Quality Protection Act, but the search for more-
efficient policies should continue. Development of these policies might
entail investment in research to improve monitoring on the farm to allow
more precise responses to changes in environmental conditions. Some of
the presentations to the committee suggested that worker-safety prob-
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lems are the result, not of the laws on the books, but of monitoring and
enforcement (see Chapter 3, for discussion of WPS).

Sometimes objections to pesticides are an issue of subjective prefer-
ence even when scientific evidence cannot support the objections. In this
case, a government role in banning a pesticide might not be appropriate;
an appropriate role might be to establish a legal framework that enables
organic and pesticide-free markets to emerge and prosper so that con-
sumers can be given an informed choice between lines of products that
vary with pest management.

Although agricultural biotechnology is more successful now than it
was 2–5 years ago, raising money for agricultural ventures is still difficult
for various reasons. First and most important, few investors have exper-
tise in agricultural biotechnology. Venture capitalists invest in industries
that they know and have a history of successful investing in. Second,
although investors who exited early from their investments in 1980s agri-
cultural-biotechnology companies made good returns, there are no block-
buster successes such as agricultural versions of Genentech or Amgen.
Third, agricultural biotechnology must compete with telecommunication,
software, Internet, and health-care biotechnology for venture capital.
Fourth, few new agricultural-biotechnology companies have continued to
generate investor interest (there is no “critical mass”). For United States
agriculture to stay in the forefront with safer, environmentally friendly
pest-management tools, there needs to be a continuing cycle of innovative
new companies that research risky cutting-edge technologies.

Recommendation 4. Government policies should be adapted to fos-
ter innovation and reward risk reduction in private industry and
agriculture. The public sector has a unique role to play in support-
ing research on minor use cropping systems, where the inadequate
availability of appropriate chemicals and the lack of environmen-
tally and economically acceptable alternatives to synthetic chemi-
cals contribute disproportionately to concerns about chemical
impacts.

The public sector can foster innovation in product development and
pest-management practices by continuing to reduce barriers to invest-
ment by the private sector and by increasing implementation of regula-
tory processes that encourage product and practice development. Pesti-
cide use in minor-use crops, which include most fruits and vegetables, is
of great concern to the public because of the potential for worker expo-
sure and residues on foods (chapter 3). These crops are not the focus of
industry research, because the small acreage available for treatment is
insufficient to result in substantial net profits. To accomplish these ends,
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the base for public funding should be broadened so as to take advantage
of multiple opportunities for innovation.

Recommendation 4a. The Department of Commerce Advanced
Technology Program should be encouraged to fund high-risk R&D
for IPM, EBPM and alternatives that have commercial potential for
early stage companies.

The Advanced Technology Program (ATP) funded by the Depart-
ment of Commerce awards grants that average $1-5 million, making it a
valuable source for an early stage company. Typically ATP awards com-
panies grants for risky, cutting edge R&D that has commercial potential.
New tools for ecologically based pest management could get a boost if
new companies could successfully compete for ATP funding for develop-
ing new IPM tools and alternatives.

Recommendation 4b. Incentives should be increased for private
companies to develop products and pest-management practices in
crops with small acreages, including access to compete for Interre-
gional Research Project 4 (IR4) funds used to obtain product regis-
trations for minor-use crops.

The Interregional Research Project 4 (IR4) program exists to assist in
getting products registered on minor crops. IR4 awards grants to univer-
sity researchers for biopesticide research. It has a long history of success
in getting registrations for products for minor crops when there are no
incentives for large companies to do so. We expect over the next few years
to see as much success with biopesticides as IR4 has had with chemicals.
Private companies are not allowed to obtain grants, but they are most
capable of moving new products to market. The IR4 program should
broaden its scope and allow private companies to obtain grants. IR4
should also better measure the outcomes (such as impact on farmers) of
its current biopesticide grant program for academic researchers.

Recommendation 4c. Redundancy in registration requirements
should be reduced to expedite adoption of safer alternative prod-
ucts (such as biopesticides and reduced-risk conventional pesti-
cides)

Increased harmonization of review processes between EPA and the
California Environmental Protection Agency (CAL-EPA), for example,
would reduce the time requirements for registration. To reduce duplica-
tion, such agencies as EPA and CAL-EPA should divide the review tasks
up front. Streamlining registration, however, must not come at the ex-
pense of public safety and local preferences.

Incentives can also be put into place to foster the development of
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products and pest-management practices in minor-use crops. Currently,
the EPA’s Biopesticide and Pollution Prevention Division (BPPD) has re-
sponsibility for registering new microbial and biochemical pesticides un-
der subdivision M of the FIFRA. It takes 12–24 months to complete a
biopesticide registration in BPPD. If that time could be reduced to less
than 12 months for minor crops without compromising human and envi-
ronmental-safety screening for minor-use crops, there would be an even
greater favorable financial impact on small companies, and farmers would
benefit by having earlier access to products. A recent problem for BPPD is
that the division is responsible for transgenic crops in addition to
biopesticides. BPPD has had to immediately address environmental
groups’ and Congress’s issues on transgenic crops, which has slowed
down reviews of new biopesticides.

Recommendation 4d. Evaluation of the effectiveness of biocontrol
agents should involve consideration of long-term impacts rather
than only short-term yield, as is typically done for conventional
practices.

Many biocontrol agents are not considered acceptable by growers,
because they are evaluated for their immediate impact on pests (that is,
they are expected to perform like pesticides). Some biocontrol pathogens
used against weeds might cause as little as a 10% reduction in fecundity,
which might not be a visible result but has a major long-term effect caus-
ing population decline. Low-efficacy biocontrol agents alone might not be
acceptable for pest management but, in combination with other low-effi-
cacy tactics, they could be preferable because they avoid the selection for
resistance for that is associated with high-efficacy tactics.

Recommendation 4e. At the farm level, incentives for adopting effi-
cient and environmentally sound integrated pest-management and
ecologically based pest-management systems can come from

• Expanding crop insurance for adoption of integrated pest-manage-
ment and ecologically based pest-management systems practices.

• Implementing taxes and fees on environmentally higher-risk
practices.

• Setting up tradable permit systems to reduce overall pollution
emissions.

• Ensuring availability of funds in support of resource conservation
(such as the Conservation Reserve Program).

• Conditioning entitlement to government payment on environmen-
tal stewardship.

• Assessing and more stringently enforcing regulations designed to
protect worker health and safety.
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Innovative crop-insurance policies can be developed to promote the
adoption of pesticide alternatives and to increase their economic competi-
tiveness. USDA is developing and piloting some innovative crop-insur-
ance programs to increase incentives to farmers to use alternative prod-
ucts and IPM systems (James Cubie, USDA, and Tom Green, IPM Institute
of America, October 10, 1998, personal communications) that reduce the
number of pesticide sprays. They include crop insurance for use of IPM in
potatoes designed to reduce chemical applications in late blight (so that
growers wait until conditions exist for disease instead of using prophy-
lactic sprays) and in corn to control corn rootworm (so that growers scout
for corn rootworm adults and do not spray if numbers are below eco-
nomic thresholds). Another potential approach includes U.S. Senator Ri-
chard Lugar’s Farmers’ Risk Management Act of 1999 (S. 1666), which
would change the way crop insurance has traditionally been used to a
risk-management approach that would involve landowners in helping
them to financial viability. The Act, if it passes, would provide eligibility
for crop insurance if IPM or crop advisers are used.

Recommendation 4f. Funds should be assigned to assess compli-
ance with Worker Protection Standards and to improve worker
health and safety in specialty crops.

Worker safety in specialty crops is a serious concern (Chapter 3).
There are two interacting problems: a more intensive interface between
worker and crop and inadequate effort in developing safer products and
practices. Those problems are exacerbated by the collective importance of
such crops in diversifying and enriching the United States diet (Chapter
3). The current Agriculture Health Study (Alavanja et al. 1996) empha-
sizes only two states (Iowa and North Carolina) and does not specifically
address specialty (minor-use) crops. Funds should be assigned to study
worker health and safety in specialty crops and to assess compliance with
WPS. Without more detailed objective information on compliance, there
is a reasonable doubt that the 1992 WPS is accomplishing its goal. Con-
ducting an objective study of compliance with WPS will be difficult but
important. It is imperative that the organization and individuals conduct-
ing such a study be unbiased and have no conflict of interest. There is a
need for better data regarding exposure under different conditions in the
field and a need for better models of this exposure for accurate worker
risk assessment.

Furthermore, the diffuse nature of the data demands sophisticated
sociological, epidemiological, and statistical expertise (as would be pos-
sessed by university scientists). Before such a study is conducted, how-
ever, the WPS needs to be studied to determine the degree of compliance
that will be considered sufficient to protect worker health.
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As mentioned earlier, efforts are needed to address safer practices for
workers. Farm workers typically do not know when or what pesticides
have been applied to fields, so they must rely on their employers to pro-
tect them from hazardous exposure. Because some employers might not
follow WPS regulations, funds should be assigned to develop pesticide
formulations that contain specific odors or dyes that would provide farm
workers with direct information on the presence of hazardous pesticide
residues.

Tools are available that allow inexpensive monitoring of worker ex-
posure to pesticides and monitoring of the pharmacokinetics of com-
pounds at concentrations commensurate with actual environmental ex-
posures. These tools should be used.

EDUCATION AND INFORMATION

It is clear from the committee’s study that the general public has a
critical function in determining the future role of pesticides in US agricul-
ture. Consumer interest in food and other goods perceived as safe and
healthy fuels the rapid growth of the organic-food market; at the same
time, consumer use of pesticides in the home and on the lawn continues
to grow (Chapter 2). Many of the paradoxical decisions made by the
voting and consuming public arise from a relatively poor grasp of the
science behind crop protection (Chapter 3).

The public sector has responsibility for providing education and
information. Publicly supported education at all levels is essential for
facilitating equality of opportunity. The working of a democracy and the
efficiency of the market are infeasible without an educated public. Avail-
ability of information is essential for efficient resource allocation. Because
knowledge also has public-good properties, a major responsibility of the
public sector is to provide basic knowledge and information for decision-
makers, in both the public and private sectors (Ruttan 1980).

Education in scientific and technical fields is designed to meet antici-
pated demands in the private and public sectors. As long as there is a
demand for pesticide-based solutions to pest-control problems, the edu-
cation system has to train people to work in this field and to provide
independent pesticide expertise in the public sector. Because we agree
that pest-control choices have to be determined in the context of a per-
spective that incorporates biophysical, ecological, and economic consid-
erations, education should emphasis basic principles and knowledge that
will lead to informed decisions. Schultz (1975) emphasized the value of a
good understanding of basic principles in a modern economy. He argued
that people with a solid general education in the principles of science
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have a better ability to deal with the disequilibrium associated with con-
tinuous changes in technology.

The broad set of considerations associated with pest-control decisions
requires more interdisciplinary education in land-grant universities.
People trained in life sciences and agriculture should also have a strong
background in decision theory, risk evaluation, ethics, and economics to
be able to handle pest-control problems in the commercial world. Many
of the decisions associated with pest control are subject to public choice
and public debate. To obtain rational and efficient outcomes, it is essential
that scientists be able to communicate with the public in a clear and non-
technical manner about the tradeoffs associated with alternative pest-
control issues.

All citizens should be familiar with the basic principles of applied
biology and risk evaluation, which can be provided as part of basic educa-
tion. The general public, including children from kindergarten to 12th
grade, should be educated about basic principles of environmental risk
and of pest and disease control.

Agriculture has become more science-based and requires much more
specific expertise to enhance productivity. As the support and funding
for extension increase, new types of institutions and private consultants
emerge. Transmission of knowledge in the past was the responsibility
mostly of the public sector, but it has become more privatized. That
changes how pesticide-use decisions are made and has introduced into
the process a value system that might not always have the public’s inter-
ests at its core.

Recommendation 5. The public sector must act on its responsibility
to provide quality education to ensure well-informed decision-mak-
ing in both the private and public sectors.

This effort encompasses efforts in the agricultural sector, in the aca-
demic sector, and in the public sector at large.

Recommendation 5a. In the agricultural sector, a transition should
be made toward principle-based (as opposed to product-based) de-
cision-making. The transition should be encouraged throughout the
continuum from basic to implementation research in universities,
in extension, in the USDA Agricultural Research Service, and
among producers.

Formulaic approaches to pest problems that are aimed at yield maxi-
mization rather than at sustainability approaches (product-based deci-
sion-making) have contributed to many of the problems plaguing agricul-
ture. A sound grasp of fundamental principles should provide
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decision-makers with the flexibility needed to select from a menu of alter-
natives and to tailor practices to particular production systems.

A basic premise of an ecological approach to pest management is to
manipulate biological processes to manage pests. For example, the impact
of weeds on crop yield will depend on a number of biological factors,
such as time of weed emergence and rate of weed growth (Box 6-1).
Understanding these physiological factors can help a pest manager to
determine optimal timing for intervention strategies, such as herbicide
use to manage weed population to a level where benefits outweigh costs
of control. University research and extension scientists, in collaboration
with producers, should strive to develop biologically based decision-mak-
ing that optimizes pest-management strategies for economic and environ-
mental goals.

5b. Land-grant universities should emphasize systems-based inter-
disciplinary research and teaching and foster instruction in applied
biology and risk evaluation for nonscientists.

There is a need to educate legislators and the general public about
ecologically based pest management in research and in practice. Invest-
ment in increasing K-12 exposure to concepts of risk evaluation, food
agriculture, and general biology can also have enormous benefits in creat-
ing a more knowledgeable and educated electorate.

5c. An effort should be made, in the government and in the land-
grant system, to educate and train scientists about the value of pub-
lic outreach.

The public sector should provide incentives and training for scientists
to communicate effectively to the public about principles and practices of
ecologically based pest management. Such incentives are almost nonex-
istent in many institutions, particularly outside the agriculture colleges.
Outreach efforts, because of their overall value in providing popular sup-
port for the research enterprise, should be accorded some commensurate
value in decisions related to career advancement and professional stature.

CODA

Our goal in agriculture should be the production of high-quality food
and fiber at low cost and with minimal deleterious effects on humans or
the environment. To make agriculture more productive and profitable in
the face of rising costs and rising standards of human and environmental
health, we will have to use the best combination of available technologies.
These technologies should include chemical, as well as biological and
recombinant, methods of pest control integrated into ecologically bal-
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BOX 6-1
Working Model for Assessing Integrated

Weed-Management Strategies

Highly efficacious pesticides often mask the complexity of a cropping system-
pest relationship. Many crop producers and scientists are just beginning to under-
stand the relationships between biological and agronomic practices and the im-
pacts of a pest on a crop. Herbicides, in particular, have made the recognition and
integration of more biologically based alternatives difficult. Commodity-grain pro-
ducers now use highly efficacious and fast-acting herbicides as time- and labor-
management tools, giving less regard to the biological and agronomic principles
that can increase or decrease a herbicides effectiveness and durability (see box 5-
1).

For more than 30 years, herbicide use has been the dominant tactic for weed
management. Over this period, herbicide technology has been a primary focal
point of the agrochemical industry-university relationship. Historically, university
herbicide-evaluation trials were established to demonstrate the efficacy of individ-
ual products and to promote weed-management research. In its technology-trans-
fer role, the University Extension Service also provided a public service by offering
a third-party neutral perspective to this manufacturer-crop producer relationship.

During the 1990s major changes occurred in both institutions. As agrochem-
ical markets became saturated, herbicides were differentiated more by marketing
and product endorsements than by efficacy. Past agrochemical and university re-
lationships were centered around basic and applied research and technology
transfer. The current economic climate has resulted in agrochemical industries
doing more of their own basic and applied herbicide research and has tended to
push university herbicide evaluation and technology transfer to more of a market-
ing and product-endorsement focus. Although a marketing perspective might ad-
dress attributes of a single herbicide, this approach to weed management does not
address the complexities of integrating a pesticide into a cropping system of an
individual producer.

The University of Minnesota is responding to public demand for alternatives
to herbicide weed-control technology by adopting a biological and ecological re-
search strategy with a goal of developing integrated weed-management systems,
including herbicides as a component. University of Minnesota Extension and
Branch Station personnel have formed a weed-management working group. The
group focuses on evaluating weed management systems rather than individual
herbicides. Its goals are as follows:

• Maintain critical information links between the agrochemical industry and
the University of Minnesota.
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• Develop research efforts that enhance extension activities required to ad-
dress specific regional and site-specific producer concerns.

• Integrate herbicide-based weed control with other practices, such as culti-
vation, rotary hoeing, tillage, and weed-crop interference models.

• Evaluate integrated weed-management systems for efficacy, economic via-
bility, and degree of risk to the producer.

• Develop and maintain a database of weed-control research for studying the
interaction between weed control and environmental and agronomic variables.

These goals are integrated into the annual agrochemical industry-university
protocols with a four-step process:

1. Meet with crop consultants, farmers, area agronomists, extension person-
nel, and seed representatives on a regional basis to identify grower concerns.

2. Have university personnel design and draft protocols to address the con-
cerns.

3. Give agrochemical representatives the opportunity to review draft proto-
cols for accuracy of label restrictions and requirements.

4. Conduct protocols at Branch Stations and cooperating on-farm sites, and
maintain databases of research findings for analysis of long-term trends.

That approach to herbicide analysis has been in place since 1994.
Crop producers and many organizations involved in information dissemina-

tion have responded favorably to the model approach, primarily because the ob-
jectives of the research are well defined and issues of profitability and integrated
weed management are addressed. Obstacles in developing the weed-manage-
ment group have been related to communication of objectives to agrochemical-
industry representatives and other university personnel and to finding funding
sources that will sponsor this type of activity. The model system has yet to address
more complex and time-intensive biological approaches to weed management,
such as smother crops or biological control agents. Because the studies are not
conducted on the same field year after year, natural weed population-regulating
mechanisms cannot be assessed. The Minnesota model system, however, has
stimulated crop producers to begin considering the benefits of integrated weed
management and how integrated weed management is affected by environmental
and agronomic variables. Studies of this nature need to be conducted on a long-
term basis to assess the economic and biological stability of various integrated
weed-management systems.

Sources: Box composed by Jeff Gunsolus and adapted from Gunsolus et al.,
1995; Hoverstad et al., 1995; and Maxwell, 1999.
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anced programs. The effort to reach the goal must be based on sound
fundamental and applied research, and decisions must be based on sci-
ence. Accomplishing the goal requires expansion of the research effort in
government, industry, and university laboratories.
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APPENDIX

A
Selected National Research Council

Publications About Pesticides

1951 Conference on Insecticide Resistance and Insect Physiology.
1956 Safe Use of Pesticides in Food Production.
1962 Chemicals in Modern Food and Fiber Production.
1962 New Developments and Problems in the Use of Pesticides.
1969 Principles of Plant and Animal Pest Control Part 3: Insect-Pest

Management and Control.
1970 Evaluating the Safety of Food Chemicals.
1972 Pest Control Strategies for the Future.
1975 Pest Control: An Assessment of Present and Alternative Technologies.

Vol. 1. Contemporary Pest Control Practices and Prospects.
1982 An Assessment of the Health Risks of Seven Pesticides Used for

Termite Control.
1986 Pesticide Resistance: Strategies and Tactics for Pest Management.
1987 Regulating Pesticides in Food: The Delaney Paradox.
1991 Frontiers in Assessing Human Exposure to Environmental Toxicants.
1993 Pesticides in the Diets of Infants and Children.
1996 Ecologically Based Pest Management: New Solutions for a New

Century.
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COMMITTEE ON THE FUTURE ROLE OF PESTICIDES

March 23, 1998
National Research Council
2001 Wisconsin Avenue, Washington, DC

8:30 a.m. Introductory Remarks
May Berenbaum, Chair

8:40 Public Sector Research
Nancy Ragsdale, USDA, Agricultural Research Service
Ernie DelFosse and Ray Carruthers, USDA Agricultural
Research Service
Mary Purcell and Kel Wieder, USDA CSREES, NRI
Competitive Grants
Michael Alavanja, NIH NCI, Agricultural Health Study
Kate Aultman, NIH, National Institute of Allergy and
Infectious Diseases
Margriet Caswell, USDA Economic Research Service
Sam Rives, USDA National Agricultural Statistics Service

10:10 Discussion
10:40 Break
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11:10 Regulatory and Registration
Peter Caulkins, EPA OPP, Food Quality Protection Act
Young Lee, FDA Pesticide Program: Residue Monitoring
Robert Epstein, USDA, Agricultural Marketing Service
Pesticide Data Program
Dick Guest, USDA CSREES, InterRegional-4 Program

12:10 Discussion and Morning Wrap-Up

12:40–1:20 Lunch (in NAS Cafeteria)

1:20 Pest Management Implementation
Harold Coble, USDA-CSREES National IPM Coordinator
Helene Dillard, New York State Agric. Expt. Station
Jim Cranny, US Apple Association
Larry Elworth, Gettysburg, PA
Kathleen Merrigan, Henry A. Wallace Institute

2:35 Discussion

3:05 Break

3:35 Pesticide Development And Future Trends
Ray McAllister, American Crop Protection Association
Forrest Chumley, Dupont Agricultural Products
Bob Peterson, Dow AgroSciences
Leonard Gianessi, National Center for Food and Agriculture
Policy

4:35 Discussion and Wrap-Up

5:05 Adjourn

May 16, 1998
Arnold and Mabel Beckman Center
Irvine, California

8: 15 Introductions and Announcements
May Berenbaum, Chair
Mary Jane Letaw, NRC staff
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8:30 Roundtable Discussion: Pest Management Decision-
Making (12–15 minute presentations )
Joe Boddiford, Georgia Peanut Commission, Sylvania, Georgia
George Ponder, Curtice Burns Foods, Montezuma, Georgia
Sam Lang, Fairway Green, Raleigh, North Carolina
Charles Mellinger, Glades Crop Care, Jupiter, Florida
Tony Thompson, Willow Lake Farm, Windom, Minnesota
Bob Quinn, Millenial Farm and Ranch, Big Sandy, Montana
Ron Cisney, Olocco Ag Services, Santa Maria, California
Mike McKenry, UC Kearney Agricultural Experiment Station
Jenny Broome, UC Davis, SAREP and BIFS project
Barry Brennan, USDA/CSREES, Pesticide Applicator Training
Steve Pavich, Pavich Family Farms, Porterville, California

10:00 Break

10:30 Continue Roundtable Discussion

11:30 Question and Answer period (includes public comments)

12:15 Morning Wrap-Up

12:30 Lunch

1:30 Reconvene Workshop Roundtable
Pesticide Safety: Mitigating Human Health and
Environmental Risks  (15-Minute Presentations)
Bob Gilliom, US Geological Survey, Sacramento
Rupa Das, California Department of Health Services, Berkeley
Michael O’Malley, Employee Health Services, University of
California, Davis
Tobi Jones, California Department of Pesticide Regulation,
Sacramento
David Pimentel, Department of Entomology, Cornell University

2:45 Questions and Answers

3:15 Wrap-Up

3:30 Adjourn Open Session

4:00 Committee on Future Role of Pesticides Reconvenes In
Closed Session
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July 18, 1998
Rosemont Suites
5500 N River Road
Rosemont, Illinois

8:25 Introductory Remarks
May Berenbaum, Chair

8:30 Breakfast Discussion Exchange

8:30 Mark Whalon, Pesticide Research Center, Michigan State
University, East Lansing

8:45 Wolfram Koeller, New York State Agricultural Experiment
Station, Cornell University, Geneva, New York

9:00 Tom Sparks, Discovery Research, Dow AgroSciences,
Indianapolis, Indiana

9:15 Ann Sorensen, Center for Agriculture in the Environment,
American Farmland Trust, Dekalb, Illinois

9:30 Mike Owen, Iowa State University, Ames, Iowa
9:45 Dean Zuleger , Hartland Farms, Hancock, Wisconsin

10:00 Break

10:15 Continue Discussion

10:15 John G. Huftalin, Grower, Rochelle, Illinois
10:30 Eldon Ortman, Purdue University, West Lafayette, Illinois
10:45 Wayne Sanderson, NIOSH, Cincinnati, Ohio

11:00 Question and Answer

11:30 Public Testimony (3 minute segments)

12:00 Adjourn
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MAY BERENBAUM, Chair, is professor of entomology and department
head at the University of Illinois. Berenbaum has made major contribu-
tions to the understanding of the role of chemistry in the interactions
between plants and herbivorous insects. She has identified key plant de-
fensive chemicals and determined their modes of action. Her investiga-
tions have encompassed both proximate physiological mechanisms and
their evolutionary consequences for both plants and insects. Berenbaum
received her PhD in ecology and evolutionary biology at Cornell Univer-
sity. She was elected to the National Academy of Sciences in 1994 where
she is a member of OPUS (Office for Public Understanding of Science).
She serves on the National Research Council’s Board on Agriculture and
Natural Resources, and previously served on the Board on Environmen-
tal Studies and Toxicology.

MARK BRUSSEAU is professor of subsurface hydrology and environ-
mental chemistry at the University of Arizona. His research is focused on
developing a fundamental understanding of the factors and processes
influencing the transport and fate of chemicals in the subsurface.
Brusseau’s approach integrates theoretically and experimentally based
investigations with the development and use of mechanistically accurate
mathematical models. He received his PhD from the University of Florida.

JOSEPH DIPIETRO is dean and professor of veterinary parasitology at
the University of Florida. DiPietro studies the chemotherapy, epidemiol-
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ogy, and control of internal parasites in livestock. DiPietro’s research in-
cludes clinical evaluations to measure anthelmintic efficacy of pyrantel
salts, benzimidazoles, and avermectins in livestock animals. He has ex-
tensive background in research and use of ivermectins in horses, includ-
ing ecological implications. DiPietro received his DVM and MS in veteri-
nary parasitology from the University of Illinois.

ROBERT M. GOODMAN is a member of the Department of Plant Pa-
thology, the interdepartmental program in Plant Genetics and Plant
Breeding, the Institute for Environmental Studies, the graduate program
in cellular and molecular biology, and the Biotechnology Training Pro-
gram at the University of Wisconsin. His laboratory works on the molecu-
lar regulation of plant defense genes and the role of plant genotype in
associations with noninvasive, beneficial microorganisms. Goodman is
well known for his groundbreaking research at the University of Illinois,
where he was the first to describe the molecular biology of a group of
single-stranded DNA plant viruses, now called geminiviruses. Formerly,
he was executive vice president for research and development at Calgene,
Inc. Goodman has served on the National Research Council’s Board on
Agriculture and Natural Resources and numerous study committees. He
received his PhD from Cornell University.

FRED GOULD is professor of entomology at North Carolina State Uni-
versity. Gould has researched ecological genetics of pest adaptation to
chemical, biological, and cultural control tactics. His major emphasis in
recent years has been focused on developing methods for delaying pest
adaptation to transgenic crops that produce insecticidal proteins derived
from Bacillus thuringiensis. Gould was an author of the National Research
Council report Ecologically Based Pest Management (1996) and participated
in the workshop on “Pesticide Resistance: Strategies and Tactics for Man-
agement” (1986). He received his PhD in ecology and evolution at State
University of New York at Stony Brook.

JEFFREY GUNSOLUS is professor of research and extension at the Uni-
versity of Minnesota. He performs and publishes research on weed crop
interactions, including evaluations of decision-making processes for weed
management in corn and soybeans. In his extension role, Gunsolus pro-
vides pest-management expertise to growers. His extension bulletins in-
clude topics on herbicide mode of action, herbicide-resistant weeds, and
chemical and cultural weed control of field crops. In a previous position,
Gunsolus was an extension associate at Iowa State University. He re-
ceived his PhD at North Carolina State University.
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BRUCE HAMMOCK is professor of entomology and environmental toxi-
cology at the University of California, Davis. Hammock is a leader in
insect-toxicology research and development of immunochemical assays
for environmental monitoring. He has extensive research in detection of
metabolites produced by exposure to a wide range of agrochemicals and
recombinant biocontrol products (such as Bacillus thuringiensis; baculo-
viruses). His group has isolated novel peptides from scorpion venom
toxic only to insects and used the genes for these peptides in the develop-
ment of recombinant viral insecticides. His group has carried out studies
on mammalian safety of biological insecticides. He received his PhD in
entomology-toxicology from the University of California, Berkeley. Ham-
mock participated in a Research Council workshop Pesticide
Resistance: Strategies and Tactics for Management (1986).

ROLF HARTUNG is professor emeritus of environmental toxicology at
the University of Michigan. Hartung brings a wealth of knowledge of
wildlife toxicology and public-health related to environmental pollutants.
He has researched coactions between chlorinated hydrocarbon pesticides
and aquatic pollutants; environmental dynamics of heavy metals; risk
assessment; effects of polluting oils on waterfowl; and toxicity of amino-
ethanols. He has co-authored several Research Council reports including
Building a Foundation for Sound Environmental Decisions (1997); Review of the
Department of the Interior’s National Irrigation Water Quality Program (1996);
Irrigation-Induced Water Quality Problems (1989); and Testing for Effects of
Chemicals on Ecosystems (1981). Hartung received his PhD in wildlife man-
agement from the University of Michigan.

PAMELA MARRONE is president and CEO of AgraQuest, a firm she
founded that has a portfolio of proprietary natural-product pesticide dis-
coveries and products. Marrone has substantial management expertise in
startup and multi-international biotechnology firms. Before this endeavor,
Marrone was president of Entotech, a subsidiary of Novo Nordisk, and
senior group leader of insect control at Monsanto Agricultural Company.
Marrone received her PhD degree in entomology from the North Carolina
State University.

BRUCE MAXWELL is professor of agroecology at Montana State
University. He focuses on research to predict evolution and dynamics of
herbicide resistance in weed populations. He also has researched weed
thresholds; effects of weed dispersion and competition on crop yield;
development of successional weed-management strategies on rangeland;
weed-management expert systems; and agricultural sustainability
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through ecosystem management and planning. Maxwell received a PhD
degree in crop and forest science from the Oregon State University.

KENNETH RAFFA is professor of entomology in the department of ento-
mology at the University of Wisconsin at Madison. Raffa conducts re-
search on insects affecting forest-resource management, plant-insect in-
teractions, insect ecology, population dynamics, and biological control.
He is also adjunct professor in the department of forest ecology and man-
agement. He has researched chemical defenses of trees against insects and
fungi, tri-trophic interactions, roles of microorganisms in mediating plant-
insect interactions, insect-pheromone ecology, and deployment strategies
for transgenic plants. Raffa formerly worked as section research biologist
at E.I. Dupont and Company, where he investigated insecticide-resistance
management, insecticide synergists, and behavioral manipulation of in-
sects using natural products. Raffa received his PhD in entomology at
Washington State University.

JOHN RYALS is the Chief Executive Officer and President of
ParadigmGentics, Inc. in Research Triangle Park, North Carolina, a com-
pany that specializes in genomics and functional genomics for products
in the areas of crop production, foods for human nutrition, industrial
applications, and therapeutic foods. Dr. Ryals is also an adjunct professor
of Crop Science at North Carolina State University. Prior to founding
Paradigm Genetics in 1997, Dr. Ryals was the head of agricultural bio-
technology research for Ciba-Geigy Corporation and Novartis, Inc. His
research focus has been on the molecular biology of plant-pathogen inter-
actions, and in particular, in the field of systemic acquired resistance in
plants.

JAMES SEIBER is professor of environmental sciences at the University
of Nevada. He has a broad background in analytical chemistry of pesti-
cides, industrial byproducts and naturally occurring toxicants; ecological
chemistry of plant-derived poisons; modeling for chemical environmen-
tal fate; trace organic analysis; and origin and fate of trace organics in the
atmosphere, including pesticides. In previous positions, Seiber worked
for Dow Chemical Company and chaired the department of environmen-
tal toxicology at the University of California. He is co-author of several
Research Council reports, Science and Judgement in Risk Assessment (1994),
and Pesticides in the Diets of Infants and Children(1993). Dr. Seiber received
his PhD in chemistry at Utah State University. He resigned from the com-
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Research Center, USDA-ARS, Albany, California.
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DALE SHANER is the director of Ag Biotech at American Cyanamid in
Princeton, New Jersey. He directs the agricultural-biotechnology program,
which is aimed at finding new pesticide target sites and identifying genes
associated with output traits in major crops. Before to becoming director,
Shaner was a senior research fellow for herbicide discovery, and directed
basic research in plant biochemistry, plant physiology, and plant-chemi-
cal-environment interactions. He has published on the mode of action of
imidazolinone herbicides, biochemistry of resistance development, and
selection and utility of herbicide-resistant crops. He chairs the Herbicide
Resistance Action Committee, an international, intercompany committee.
Before to his position at American Cyanamide, Shaner was an assistant
professor at the University of California, Riverside. He received his PhD
in plant physiology at the University of Illinois.

DAVID ZILBERMAN is professor of agricultural and resource econom-
ics at the University of California, Berkeley. He also serves as director of
the Center for Sustainable Resource Development. Zilberman has diverse
research interests: economics of technological change, economics of natu-
ral resources, microeconomic theory, and agricultural and nutrition
policy. Zilberman has published numerous articles on topics of water
quality in irrigated agriculture, pollution prevention, financial incentives
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researched market incentives to control environmental problems for his
PhD degree in agricultural economics at the University of California, Ber-
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sion agriculture affiliated with the Committee on Assessing Crop Yield.
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A

Academic sector, 14, 145, 267-268, 270-271
organic farming, 114-115
technology transfer, 106-109, 257
see also Land-grant universities;

Professional education
Advanced Technology Program, 10-11, 264
Aesthetic quality, 36-37, 53, 85, 86, 238
Agricultural Health Study, 65
Agricultural Research Service, 14, 28, 109,

164, 167, 259, 268
Air contamination, 63, 69, 72, 74-75, 76-77,

78, 121
ozone layer depletion, 76-77, 189-190,

256
Alien species, see Invasive species
American Council of Governmental

Industrial Hygienists, 62
Animal studies of pesticide effects, 124, 126
Animal production and transportation

systems, 3, 67, 106, 211, 221-223,
239

California, 221, 223
FDA, 20, 221
insecticides, 71
invasive plant species, toxic, 190
professional education, 221
regulation, 221

Index

Annual cropping systems, 211, 212-219
Apples, 39, 40, 42-44, 46, 47, 53, 68, 85-87,

118, 128, 220-221, 238
organic farming, 85, 87, 113-114, 115-117

Application technologies, 4, 5, 134-135, 146,
154, 179-185

animal production systems, 221
baculoviruses, 161, 162, 163
baits, 37-38, 135, 155, 181, 191
herbicides, 181
human health factors, 4, 62-63, 66-67,

181-182, 212, 252-253
nontarget species, 5, 179-181
occupational exposures, 4, 62-63, 66-67,

181-182, 252-253
odorants and dyes, 13, 77, 135-139, 168,

267
precision agriculture, 110, 112, 182-184
protective equipment, 66, 67
R&D recommendations, 5, 8, 253, 258,

260, 262
remote sensing, 183-184
training, 110
urban pest management, 223, 226

Aquaculture, 1, 211, 250
Aquatic habitat, see Water contamination
Assessment methodology, 210, 226-246

decision support systems, 175-186, 268,
269
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risk assessment, 5, 9, 123-129, 234-235,
241-242, 254, 255

study at hand, methodology, 2, 250-251
see also Cost and cost-benefit factors;

Registration of pesticides
Asthma, 37
Attitudes

aesthetic quality of food products, 36-
37, 53, 85, 86, 238

workers, 253-254
see also Public opinion

Austria, 116

B

Bacillus thuringiensis, 148, 149, 157-160, 162,
164, 169, 171, 173, 194-195, 213,
252

market for, 146
registration of, 159-160
resistance to, 58
vegetables, 157-158

Baculoviruses, 156, 160-163
Baits, 37-38, 135, 155, 181, 191

see also Pheromones
Barley, 127
Beans, 127, 222-223
Benefit-cost analysis, see Cost-benefit

analysis
Biochemistry, general, 7, 8, 28

funding, 29, 30
Biocontrols, general, 9, 10, 19-20, 44, 193

combined budget-market models, 49
herbicides, 271
historical perspectives, 24, 25
natural enemies, 19, 23, 25, 27, 44, 82-83,

150, 169
pesticide defined, 19-20
population dynamics, 184
R&D, general, 28, 30, 257
R&D recommendations, 6, 8, 11-12, 256-

257, 260, 261
wildland systems, 226
see also Biopesticides; Integrated pest

management; Transgenic crops
Biodegradability, 19, 156
Biodiversity, 82, 191-192, 226, 242

annual cropping systems, 213
Conservation Reserve Program, 12, 122,

262, 265
local, 8, 81, 256

perennial cropping systems, 211
recommendations, 6, 256
see also Nontarget species

Biointegral farming/orchard systems, 119-
120

Biopesticide and Pollution Prevention
Division (BPPD), 11, 265

Biopesticides, 2, 3, 20, 156, 261-267
baculoviruses, 156, 160-163
cost and cost-benefit factors, 156, 158,

161, 162, 231
fungicides, 156, 165-168
herbicides, 20
market for, 145-146, 231
microbial pesticides, 19, 20, 58, 146, 148,

156-168, 169, 171, 175
soil, 156, 166-168
see also Bacillus thuringiensis; Integrated

pest management; Transgenic
crops

Biotechnology, 10, 20, 107-108, 152, 252,
258, 261-267

historical perspectives, 25, 27
patents, 107-108, 111-112, 147, 231, 232,

257
pests, genetic engineering of, 173-176
see also Biopesticides; Minor crops;

Transgenic crops
Birds, 80, 82
Broad spectrum pesticides, 24-25, 76, 79,

161, 162, 163-164, 210, 213-214,
219, 224

Bt, see Bacillus thuringiensis

C

California, 11, 17, 49, 55, 86, 110, 120, 122,
157, 264

animal production systems, 221, 223
historical perspectives, 23, 24
occupational exposures, 56, 63-64, 68,

74, 77
organic foods, 114, 118
prescription use of restricted pesticides,

134
Canada, 103-104, 118
Cancer, 36, 62, 65, 68-69, 76, 86, 89, 118,

124, 128-129
Canola, 127, 169
Carbon dioxide, 120-121, 186-189
Carson, Rachel, 25
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Cereals, general, 35, 57, 82, 145, 169, 211
see specific cereals

Cherries, 118, 220-221
Children, 37-38, 66, 69, 84, 123, 125-126

education of, 14, 268, 269
farm workers/residents, 66

Chile, 103
China, 103, 116
Citrus fruit, 220

fumigation, 54
productivity, pesticide-related, 39, 40,

42-44, 46, 47
Clean Air Act Amendments, 77
Climate and weather, 185, 211

annual cropping systems, 212, 213
entomopathogenic fungi, 163-164
global warming, 120-121, 187-189
herbicides, 212, 213
human effects, 136
perennial cropping systems, 212
pesticide-related productivity, 44
study at hand, methodology, 2

Cockroaches, 37-38
Colleges and universities, see Academic

sector; Land-grant universities
Combinatorial chemistry, 177-178
Combined budget-market models, 49, 227
Commodity programs, 110-111, 235
Computer applications, see Databases
Conservation Reserve Program, 12, 122,

262, 265
Conservation tillage, 36
Consulting services, 109-110, 260, 271

extension services, 14, 109-110, 132, 243,
260, 268, 271

Containers, see Packaging and containers
Convention on Climate Change, see Kyoto

protocol
Cooperative Research and Development

Agreements, 109
Corn, 34, 35, 36, 38, 30, 40, 43-44, 46, 47, 54,

56, 127-128, 145, 148, 188, 193,
212, 213, 216-217, 222-223, 252

Cost and cost-benefit factors, 4, 77, 157,
227-244, 253, 254-255, 262-263

biopesticides, 156, 158, 161, 162, 231
combined budget-market models, 49, 227
discounting, 228, 230, 238, 241, 244
ecological factors, 240, 242-243, 245
EPA, 227
farm worker exposure prevention, 66

food residues, 240-241
globalization and, 103, 256, 259
herbicides, 227, 246, 257
historical perspectives, 24-25
human health, 66, 227-228, 240, 246, 267
market forces, 49, 227, 228-244
microbial pesticides, 158, 161
models of changes in pesticide use, 45,

47-52
nontarget species, 243
occupational exposure, 66, 240, 267
partial-budget models, 45, 47-48, 49, 227
pest resistance to pesticides, 58-59
pesticides, consumer cost of, 33, 36-38,

54, 184-185, 245
private sector, 45, 47-52, 123, 127, 179,

227-244
public opinion and, 84-86, 87
regional factors, 45, 48, 49, 50, 234, 229,

231, 232, 233-234, 237, 240, 242,
243, 244

registration requirements, 123, 127, 179
regulation, 45, 47-48, 49, 227-228, 231,

235, 237, 243
substitutes for pesticides, 45, 49
supply and demand, 229, 230, 231, 232,

234-239 (passim)
technological innovation, general, 45,

47-52, 123, 127, 179, 227-244
temporal factors, 179, 230, 243-244
see also Price factors; Supply and

demand
Cotton, 35, 38, 39, 40, 41, 42-44, 46, 47, 54,

119, 145, 148, 149, 169, 215-216
Council for Agricultural Science and

Technology, 83-84, 133-134
Court cases, see Liability and litigation
Crop insurance, 12, 54, 266

commodity programs, phase out of,
110-111

ecologically based pest management, 12
Farmers’ Risk Management Act, 12, 266
integrated pest management, 12, 266

Crop rotation, 40, 44, 48, 56, 193, 257
Cropping systems, general, 10, 33-34, 48,

184, 270
annual, 211, 212-219
perennial, 211-212
see specific crops

Cultural controls, 28, 44, 186, 192, 213
biointegral farming/orchard systems,

119-120
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crop rotation, 40, 44, 48, 56, 193, 257
perennial cropping systems, 211
R&D recommendations, 6, 8, 256-257,

260
see also Biocontrols

D

Dairy products, 68, 111, 114, 123-124, 235
Databases, 109, 122, 125, 126, 128, 130, 177,

185, 271
DDT, 24, 56, 59, 62, 70, 80, 17
Decision support systems, 175-186, 268, 269
Definitional issues

agroecosystems, 211
ecologically based pest management

(EBMP), 2
pest, 18, 79
pesticide, 2, 17-20, 41, 251

Delaney clause, 70, 123-124
Demand, see Supply and demand
Denmark, 139
Dermal exposure, 63, 69, 75
Department of Agriculture, 18, 27, 29

Agricultural Research Service, 14, 28,
109, 164, 167, 259, 268

Conservation Reserve Program, 12, 122,
262, 265

cotton, boll weevil eradication, 41
crop loss estimates, 47, 48
entomopathogenic fungi, 163
extension services, 14, 109-110, 132, 243,

260, 268, 271
food exposures, 68, 69
Forest Service, 161, 164
globalization, research priorities, 103
occupational exposures, 66
on-farm studies, 8, 260
organic farming, 115
pesticide use statistics, 38
R&D funding, 7, 8, 28, 29, 128, 259, 260;
resistant pests, 195
technology transfer, 109
urban areas, 89

Department of Commerce, 10-11, 264
Department of Energy, 7, 259
Department of Health and Human

Services, 18
see also Food and Drug Administration;

National Institutes of Health

Department of the Interior, see Geological
Survey

Developing countries, 103, 105
Disease, see Human health; Plant disease
Drugs, 17-18, 19

pharmaceuticals markets, 105
Dyes, see Odorants and dyes

E

Eastern Europe, 104
EBPM, see Ecologically based pest

management (EBPM)
Eco-labeling, 6, 88, 115-119, 255
Ecologically based pest management

(EBPM), 4, 251, 252-253, 265, 269
crop insurance, 12
defined, 2
R&D recommendations, 10, 259, 264
study at hand, methodology, 2, 3, 29, 250

Ecological factors, general, 12
biodegradability, 19, 156
changes affecting agriculture, 186-192;

see also Invasive species
Conservation Reserve Program, 12, 122,

262, 265
cost-benefit analysis, 240, 242-243, 245
crop insurance, 12
historical perspectives, 25, 27
natural product fungicides, 167
persistence of pesticides, 24, 25, 61, 178
population and community dynamics,

8, 12, 184-185
public opinion, 88
R&D recommendations, 5, 7, 8,  28, 30,

253, 254, 255, 260, 261
stewardship, 5, 12, 120, 255, 262, 265
study at hand, methodology, 1, 2, 4,

250, 251
voluntary environmental protection

agreements, 122
see also Air contamination; Biodiversity;

Integrated pest management;
Nontarget species; Soil
contamination; Water
contamination; Weather and
climate

Econometric models, 50-52
Economic factors, 5, 35-37, 44, 102-120, 144-

154
academic research, 106-109
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animal production systems, 221
biotechnology, 10, 107-108, 111-112, 147,

231, 232, 257
combined budget-market models, 49
commodity programs, 110-111, 235
consumer expenditures on food, 35-36
decentralization and privatization, 102,

106-110, 111
devolution of federal role, 106, 111
eco-labeling, 115-119
environmental concerns and income

level, 120
globalization, 6, 102, 103-105, 106, 108,

110-111, 147, 152-153, 197, 256,
259

herbicides, 24, 33, 36, 38-39, 40, 42-43,
46, 145, 152, 153

historical perspectives, 24, 27, 33, 36, 38-
43

industrialization, 102, 105-106
knowledge economy, 102, 107, 111-112

consultants, 109-110, 260, 271
patents, 107-108, 111-112, 147, 231,

232, 257
organic food market, 6, 10, 88, 102, 113-

119, 139, 255-256
partial-budget models, 45, 47-48, 49, 227
privatization, 102, 106-110
product quality enhancements due to

pesticides, 53
professional education, 13-14
property damage, 242, 261
recommendations, 5, 6, 8, 253, 254, 255
registration requirements, 123, 127, 179
regulatory requirements, other, 45, 47-

48, 49, 102, 103-104, 106, 115-117,
123, 227-228, 231, 235, 237, 243,
261-262

study at hand, methodology, 1, 250
US consumption of and expenditures

on pesticides, 24, 33, 36, 38-41,
46, 47-48, 59

weeds, 36
world expenditures on pesticides, 144-

145, 152
see also Cost and cost-benefit factors;

Crop insurance; Market forces;
Patents; Price factors;
Productivity, agricultural;
Supply and demand

Economic Research Service, 48

Education, see Academic sector; Consulting
services; Extension services;
Professional education; Public
education

Employment issues, 119
farm workers, 64-67, 83, 130-139, 212,

265, 266-267
industrialization, 105
see Occupational exposures

Endocrine effects
humans, 69, 70, 74, 81, 118, 128-130
insects, 25, 56, 163, 194; see also

Pheromones
Enforcement of regulations, 5, 55, 62-64, 66,

69, 110, 121, 122, 129, 130-131,
212, 243, 254, 258, 262-263, 266

Entomopathogenic fungi, 156, 163-165
Environmental Protection Agency (EPA), 7,

29, 127, 128, 129, 130, 179, 259,
260, 264-265

animal production systems, 221
cost-benefit analyses, 227
Federal Insecticide, Fungicide, and

Rodenticide Act (FIFRA), 2, 17-
18, 19-20, 65-66, 120, 128, 251

historical perspectives, 25, 26, 120, 121
household insecticides, 37-38
occupational exposures, 12-13, 66-67,

130-133, 136, 137-138
pesticide defined, 18-19
Pesticide Environmental Stewardship

Program, 120
reduced-risk pesticides, 3, 154-156, 251
resistant pests, 195
unprocessed foods, 124
urban areas, 89
see also Registration of pesticides

Environmental Sciences Institute, 130
Epidemiology, 62, 64-65
Europe

baculoviruses, 161
eco-labeling, 115-116
global warming, 188
organic farming, 115-117
taxation, 121

European Union, 103, 104, 139
Evaluation methodology, see Assessment

methodology; Decision support
systems

Evolution of pests, 6-8, 28, 192-197
see also Resistant pests
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Exports, see Globalization; Imports and
exports

Exposure pathways, see Air contamination;
Dermal exposure; Food residues;
Occupational contamination; Soil
contamination; Water
contamination

Extension services, 14, 109-110, 132, 243,
260, 268, 271

F

Farm Bill (1990), 121-122
Farm management practices, 44, 265

on-farm studies, 8, 260, 271
stewardship, 5, 12, 120, 255, 262, 265
study at hand. methodology, 2
see also Ecologically based pest

management; Integrated pest
management

Farm workers, 64-67, 83, 130-139, 212, 265,
266-267

Farmers’ Risk Management Act, 12, 266
Federal Food, Drug, and Cosmetic Act, 18,

123
Federal government, general 10, 243

commodity programs, 110-111, 235
devolution of regulatory authority, 106,

111
product grading standards, 53
R&D, 1, 5, 7-9, 243, 250, 257-267, 276
storage, fumigation, 53-54
see also Funding; Land-grant

universities; Legislation;
Regulatory issues; specific
departments and agencies

Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA), 2, 17-
18, 19-20, 65-66, 120, 123, 128, 251

Federal Technology Transfer Act, 109
Fertilizer, 33, 50, 110, 113, 119, 187, 223, 233
FIFRA, see Federal Insecticide, Fungicide,

and Rodenticide Act
Florida, 64, 68, 131, 132
Food and Drug Administration, 7, 18, 27,

68, 69, 125, 259
animal production systems, 20, 221
urban areas, 89

Food prices, 36, 86, 87, 114, 117, 237
Food processing, see Processing of

agricultural products

Food Quality Protection Act (FQPA), 37-38,
70, 123-130, 133, 154-156, 255, 262

Food residues, 8, 15, 28, 61, 63, 67-70, 112,
252-253, 260

animal production systems, 221
animal studies of effects, 124, 126
children, 37-38, 66, 69, 84, 123, 125-126
cost-benefit analysis, 240-241
Department of Agriculture, 68, 69
Food Quality Protection Act (FQPA),

37-38, 70, 123-130, 133, 154, 156,
255, 262

Food Security Act, 121
foreign countries, regulations, 103-104,

106, 114, 115-117, 120
fungicides, 53, 68-69
metabolic processes, 67-68
organic foods free of, see Eco-labeling;

Organic foods
product grading standards, 53
public opinion, 84-89
regulatory issues, 53, 37-38, 70, 103-104,

106, 114, 121, 123-130
see also Food and Drug Administration;

Public opinion
Food Security Act, 121
Foreign countries, see Globalization;

Imports and exports;
International perspectives;
specific countries and regions

Forest Service, 161, 164
Forests and forestry, 1, 4, 30, 66, 121, 155,

158, 160, 161, 162, 164, 168, 183,
186, 188, 190, 211, 226, 250

FQPA, see Food Quality Protection Act
France, 116
Fruits, 36, 38, 39, 40, 42-45, 49, 76, 116, 148,

149, 158, 220-221, 250
children, consumption by, 69
citrus fruit, 39, 40
perennial cropping systems, 211
storage, 36, 53-54
product grading standards, 53
see also specific fruits

Funding, 10
biochemistry, general, 29, 30
conservation, 12, 122
data collection, 128
Department of Agriculture, 7, 8, 28, 29,

128, 259, 260; see also Agricultural
Research Service

herbicides, 30
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historical perspectives, 7, 28, 259
insecticides, general, 29, 30
integrated pest management, 119, 120
metabolic processes, R&D, 29
minor-crop products, 11, 263, 265
National Science Foundation (NSF), R&D

funding, 7, 8, 28, 30, 259, 260
occupational exposures, 9, 12-13, 29,

263, 264-265, 266-267
private investment, 7, 10, 11, 106-110,

111-112, 146-154, 178, 234, 257,
258

R&D, general, 7-11 (passim), 28, 29-30,
253, 257-267, 276

resistant pests, 29
US-Israeli Fund, 104-105

Fungicides, 35, 148, 149, 150, 220-221, 222-
223, 238

biopesticides, 156, 165-168
food residues, 53, 68-69
historical perspectives, 33, 36, 39, 41, 42-

43
hypovirulence, 168
integrated pest management, 165-168
natural product fungicides, 167
occupational exposures, 62, 64
resistant pests, 57, 194
resistant plants, 169
storage of agricultural products, 53
transportation of, 62
US use volume and expenditures, 33,

36, 39, 41-43, 46
world expenditures, 145, 152

Fungus-based insecticides, 156, 163-165
Fumigants, 22, 23, 38, 40, 41, 53-54, 55, 76-

77, 219

G

Gardens, see House and garden uses
General Agreement on Tariffs and Trade,

103
Genetics, 8, 28

insect hybrid sterility, 173
population genetics, 8, 12, 184-185, 195,

246, 260
plant hybrids, 33-34, 191
ultraviolet radiation, 189, 190
see also Biotechnology; Evolution of

pests; Resistant pests; Resistant
plants; Transgenic crops

Genomics, 8, 28, 153, 169, 178
Geological Survey, 78
Geographic factors, see Globalization;

International perspectives;
Regional factors, national;
Regional factors, world

Germany, 116
Globalization, 6, 102, 103-105, 106, 108, 147,

152-153, 197, 256, 259
commodity programs, phase out of,

110-111
costs and benefits, 103, 256, 259
Department of Agriculture, research

priorities, 103
invasive species, 6, 256
R&D, impact on, 103, 104-105
regulatory issues, 103-104

Global positioning system, 8, 182
Global warming, 120-121, 187-189
Grapes, 114, 118-119, 128, 149, 212
Greenhouse effect, see Global warming

H

Hartman Report,  87-88
Hay, 127
Health and safety, see Human health;

Occupational exposures
Herbicides, 38, 39, 148, 212, 214-218, 220-

221, 222-223
application technology, 181
biocontrols, general, 271
biointegral farming/orchard systems,

119-120
biopesticide categories, 20
costs and cost-benefit analysis, 227, 246,

257
conservation tillage, 36
definitional issues, 17
economics, 24, 33, 36, 38-39, 40, 42-43,

46, 145, 152, 153
historical perspectives, 17, 24, 34-35, 57,

59, 270
humidity effects, 212, 213
integrated pest management, 224-225,

270-271
nontarget species, 81, 82
occupational exposures, 60-61, 138, 137,

138
photosynthesis, 81
paraquat, 60-61, 75, 137, 138
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population dynamics, 184
R&D funding, 30
regulation of, 124, 138
resistant pests, 57, 59, 152, 192-193, 257
timing of application, 224-225, 271
US use volume and expenditures, 24,

33, 36, 38-39, 40, 42-43, 46
wildland systems, 226
world expenditures, 145, 152

Historical perspectives, 20-28, 33-35, 40,
177, 192-193

biocontrols, general, 24, 25
biotechnology, 25, 27
California, 23, 24
commodity programs, phase out of,

110-111
cost and cost-benefit analysis, 24-25
crop loss estimates, 47-48
ecological factors, general, 25, 27
economic factors, general, 24, 27, 33, 36,

38-43
EPA, 25, 26, 120, 121
funding, 7, 27, 28, 259
fungicides, 33, 36, 39, 41, 42-43
genetic engineering of pests, 173-174
herbicides, 17, 24, 34-35, 57, 59, 270
industrialization, 102, 105-106
insecticides, 17, 22-26, 34, 35, 40-43, 57
nontarget species, 25, 80
persistence of pesticides, 24, 25
pesticide defined, 17, 251
pesticide registration, 70, 71
productivity, agricultural, 33-35
public opinion, 25, 120
R&D, 7, 27, 28, 259
regulatory measures, 70, 71, 120-121,

124, 251; see also Legislation
resistant  pests, 25, 33, 56-57, 193
technological innovation, general, 21-27,

105-106
transgenic crops, 27, 106, 172
US consumption of and expenditures

on pesticides, 24, 33, 36, 38-43
Hormones, see Endocrine effects
House and garden uses, 33, 36-38, 63, 89,

137-138, 145, 149, 164
Human health, 4, 30, 60-78, 129

air contamination, 63, 69, 72, 74-75, 76-
77, 78, 121

animal production systems, 221
animal studies, 124, 126

application technologies, 4, 62-63, 66-67,
181-182, 212, 252-253

asthma, 37
cancer, 36, 62, 65, 68-69, 76, 86, 89, 118,

124, 128-129
cost-benefit analysis, 66, 227-228, 240,

246, 267
dermal exposure, 63, 69, 75
endocrine effects, 69, 70, 74, 81, 118,

128-130
epidemiology, 62, 64-65
fumigants, 53-54, 55, 76-77
house and garden pests and pesticides,

37-38
insecticides, 62, 60-64, 69, 70, 74, 76, 81,

118, 128-130
malaria, 173
minor crops, 11, 12-13, 66, 133, 263, 264-

265, 266-267
product quality enhancements due to

pesticides, 52-54
R&D recommendations, 6, 9, 253, 256,

260
reduced-risk pesticides, 2-3, 154-156,

251
soil contamination, 70, 72-73, 118, 178-

179
stinging hymenopterans, 38
study at hand, methodology, 1, 3, 4, 31,

250, 251
urban pest management, 89, 223, 226, 250
weather effects vs pesticide effects, 136
see also Children; Food residues;

Occupational exposures; Public
opinion; Water contamination

Hypovirulence, 168

I

Illegal pesticide uses, 69
Imports and exports, 35, 50, 68, 237, 256

eco-labeling, 115
European Union, 103, 104, 139
General Agreement on Tariffs and

Trade, 103
genetically modified organisms,

regulations, 104
North American Free Trade Agreement,

103
organic foods, 114
regional trading blocks, 103, 104, 139
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see also Globalization
Information dissemination, see Consulting

services; Databases; Extension
services; Professional education;
Public education

Ingestion, see Food residues
Inhalation, see Air contamination
Innovation, see Technological innovation
Insecticides, general, 214-218, 220-221, 222-

223, 246
animal production, 71
annual cropping systems, general, 212
baits, 37-38, 135, 155, 181, 191
biopesticides, 19, 20, 58, 146, 148, 156-165
definitional issues, 2, 17-20 (passim)
DDT, 24, 56, 59, 62, 70, 80, 17
endocrine effects, humans, 69, 70, 74,

81, 118, 128-130
endocrine effects, insects, 25, 56, 163,

194; see also Pheromones
entomopathogenic fungi, 156, 163-165
EPA, 37-38
funding, 29, 30
historical perspectives, 17, 22-26, 34, 35,

40-43, 57
household uses, 37-38
human health effects, 62, 60-64, 69, 70,

74, 76, 81, 118, 128-130
market forces, 3, 24, 33, 36, 38-41, 46, 47-

48, 59, 148, 149, 246
microbial, 19, 20, 58, 146, 148, 156-165,

169
viral, 151, 156, 159, 160-163, 168, 169,

171, 175
see also Bacillus thuringiensis

nontarget species, 80-81, 82-83, 213
occupational exposures, 60-64 (passim)
organophosphates, 59, 60, 61, 64, 80,

117, 127, 129
persistence in environment, 24, 61
R&D funding, 29, 30
resistant pests, 55-56, 57-58, 59, 194-197
resistant plants, 34, 44, 48, 152, 175, 168-

169, 170-171, 173, 193-194, 224,
256

risk avoidance, 54
TCCD, 62
transportation of, 62
urban areas, 89, 223, 226, 250
US use volume and expenditures, 24,

36, 39, 40-43, 46

viral, 151, 156, 159, 160-163, 168, 169,
171, 175

world expenditures, 145, 152
Insect pheromones, see Pheromones
Insurance, see Crop insurance
Integrated Agricultural Producers, 154
Integrated food production systems

Europe, 115-116
New Zealand, 117

Integrated pest management (IPM), 40,
118-119, 133, 139, 213

Advanced Technology Program, 10-11,
264

biointegral farming/orchard systems,
119-120

crop insurance, 12, 266
cultural controls, 119-120
eco-labeling, 115, 118-119
entomopathogenic fungi, 163-164
funding, 119, 120
fungicides, 165-168
labeling and consumer preference, 88
herbicides, 224-225, 270-271
microbial pesticides, 156-163
prescription use of restricted pesticides,

122, 133-134
professional education, 119
R&D, 5, 10-11, 119-120, 254, 255, 259,

264
resistant pests, 195
resistant plants, 168-169, 170-171, 173
urban areas, 89
weeds, 224-225, 270-271

Intellectual property, see Knowledge
economy; Patents

International Biosafety Conference, 104
International Life Sciences Institute, 130
International Maize and Wheat

Improvement Center, 105
International perspectives

eco-labeling, 115-116
food residue regulations, 103-104, 106,

114, 115-117, 120
globalization, 6, 102, 103-105, 106, 108,

110-111, 147, 152-153, 197, 256,
259

global warming, 120-121, 187-189
ozone layer depletion, 76-77, 189-190,

256
public opinion of risks, 84
public opinion of transgenic crops, 88
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R&D, cooperative efforts, 104-105
world expenditures on pesticides, 145,

152
see also Imports and exports; Regional

factors, world; specific countries
and regions

Interregional Research Project 4 (IR4), 11,
264

International Rice Research Initiative, 105
Invasive species, 190-191

globalization, 6, 256
livestock, toxic to, 190
photosynthesis, 190
resistance to pesticides, 58, 197

IPM, see Integrated pest management
IR4, see Interregional Project 4 (IR4)
Israel, 104-105
Italy, 116

J

Japan, 103-104, 116

K

Knowledge economy, 102, 107, 111-112
consultants, 109-110, 260, 271
patents, 107-108, 111-112, 147, 231, 232,

257
see also Technology transfer

Kyoto protocol, 120-121

L

Labeling, 127
eco-labeling, 6, 88, 115-119, 255
pesticides, general, 62, 271

Land-grant universities, 13-14, 15, 27, 268,
269

extension services, 14, 109-110
Language factors

farm workers, 65
labeling, 62

Latin America, 103
Legal issues

illegal pesticide uses, 69
liability and litigation, 121, 129
patents, 107-108, 111-112, 147, 231, 232,

257

Legislation, 24
Clean Air Act Amendments, 77
education of legislators, 17
Farm Bill (1990), 121-122
Farmers’ Risk Management Act, 12, 266
Federal Food, Drug, and Cosmetic Act,

18, 123
Federal Insecticide, Fungicide, and

Rodenticide Act (FIFRA), 2, 17-
18, 19-20, 65-66, 120, 123, 128, 251

Federal Technology Transfer Act, 109
Food Quality Protection Act (FQPA),

37-38, 70, 123-130, 133, 154, 156,
255, 262

Food Security Act, 121
foreign countries, 139
foreign trade, 103
Stevenson Wydler Act, 109
see also Regulatory issues

Liability and litigation, 121, 129
Livestock, see Animal production and

transportation systems
Local governments, 111, 262

M

Maize, see Corn
Malaria, 173
Market forces, 144-147, 152-154, 257

Bt, 146
biopesticides, 145-146, 231
combined budget-market models, 49,

227
commodity programs, phase out of, 110
cost-benefit analysis, 49, 227, 228-244
globalization, 6, 102, 103-105, 106, 108,

147, 152-153, 197, 256, 259
insecticides, 3, 24, 33, 36, 38-41, 46, 47-

48, 59, 148, 149, 246
organic food market, 6, 10, 88, 102, 113-

119, 139, 255-256
pest resistance to pesticides, 59-60
pharmaceuticals markets, 105
technological innovation, 102, 107-112,

147, 227, 228-244; see also
Technology transfer

tradable permit systems, 12, 121, 262, 265
US consumption of and expenditures

on pesticides, 24, 33, 36, 38-41,
46, 47-48, 59
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world expenditures on pesticides, 144-
145, 152

see also Imports and exports; Price
factors; Supply and demand

Mass media, 9, 261
Massachusetts Institute of Technology, 106
Metabolic processes, 19, 221

food residues, 67-68
R&D funding, 29
see also Biodegradability

Methyl bromide, 76-77
Mexico, 103, 158
Michigan, 118
Microbial pesticides, 19, 20, 58, 156-168

cost and cost-benefit analysis, 158, 161
entomopathogenic fungi, 163-165
fungicides, 156, 165-168
hypovirulence, 168
insecticides, 19, 20, 58, 146, 148, 156-165,

169
viral, 151, 156, 159, 160-163, 168, 169,

171, 175
integrated pest management, 156-163
see also Bacillus thuringiensis

Middle East, 104
Mildew, 148, 149
Milk and milk products, see Dairy products
Minor crops

funding, 11, 263, 265
R&D, 5, 10, 11, 153, 156, 254, 263-264,

265, 268
registration issues, 11, 127, 128, 129,

133, 264-266
occupational exposures, 11, 12-13, 66,

133, 263, 264-265, 266-267
Montana, 219
Montreal Protocol on Substances that

Deplete the Ozone Layer, 77
Multinationals, see Globalization

N

Narrow-spectrum pesticides, 2, 80, 191, 194
paraquat, 60-61, 75, 137, 138

National Agricultural Statistics Service, 66
National Cancer Institute, 65
National Institute for Occupational Safety

and Health, 65, 131
National Institute of Environmental Health

and Safety, 65

National Institutes of Health, 7, 65, 259
National Organic Standards Program, 115
National Research Initiative Competitive

Grants Program, 7, 259
National Science Foundation (NSF), R&D

funding, 7, 8, 28, 30, 259, 260
National Water-Quality Assessment

Program, 78
Natural enemies, 19, 23, 25, 44, 82-83, 150,

169
transgenic, 27, 252

Natural Foods Merchandiser,  87
Natural selection, see Evolution of pests;

Resistant pests; Resistant plants
Nematodes, 2, 19, 55, 76, 150, 156, 170
Netherlands, 139
New Animal Drug Application, 20
New York State, 118
New Zealand, 116-117
Non-native species, see Invasive species
Nontarget species, 3, 4, 6, 60, 78-83, 178,

179, 213, 253
application technologies, 5, 179-181
birds, 80, 82
broad spectrum pesticides, 24-25, 76, 79,

161, 162, 163-164, 210, 213-214,
219, 224

cost-benefit analysis, 243
eco-labeling, 118
herbicides, 81, 82
historical perspectives, 25, 80
insecticides, 80-81, 82-83, 213
microorganisms and invertebrates, 19,

82, 83
natural enemies, 19, 23, 25, 27, 44, 82-83,

150, 169
natural product fungicides, 167
pollinators, 82, 83
R&D recommendations, 5, 6, 254, 256,

258
study at hand, methodology, 3, 4, 250
wildland systems, 226
see also Human health

North Africa, 104
North American Free Trade Agreement,

103
North Dakota, 40, 219
NRI, see National Research Initiative

Competitive Grants Program
Nuts, 119-120, 168
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O

Oats, 127
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tradable permit systems, 262, 265

Regional factors, world
biodiversity, 192
pesticide market, 145
tropical, 164, 186, 188
trading blocks, 103, 104, 139
see also specific countries and regions

The Future Role of Pesticides in US Agriculture

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/9598


298 INDEX

Registration of pesticides, 18, 70, 71, 77,
121, 212-124, 127-130, 194, 219

animal production systems, 221
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