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Foreword

ThE ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The pur-
pose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of contents
is reviewed for appropriate and comprehensive coverage and for in-
terest to the audience. Some papers may be excluded in order to better
focus the book; others may be added to provide comprehensiveness.
When appropriate, overview or introductory chapters are added.
Drafts of chapters are peer-reviewed prior to final acceptance or re-
jection, and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review pa-
pers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

Bring up the topic of pesticides and all too frequently the ensuing discussion will be filled
with emotional issues, often extending well beyond the realm of science and heavily
flavored with the stimulus of political gain. These adversarial arguments have been
detrimental to an objective evaluation of the risks and benefits associated with pesticide
use and the role pesticides play in modern society. The reduction of risks associated with
pesticide use has seen significant advances over the past 30 years. To continue this trend,
there should be a constant, scientifically-based evaluation of both risks and benefits,
determining how risks can be reduced and how significantly pesticides support strong
agricultural production systems.

The goal of the symposium that provided the basis for this book was to provide a
forum in which the positive steps that have been, or could be, taken to reduce risks could
be presented side by side with the benefits of pesticides. After planning for the
symposium was underway, Congress unanimously passed the Food Quality Protection Act
(FQPA), imposing changes in data required and how risks would be determined, not only
for initial pesticide registrations, but also for maintaining currently registered uses. In
view of this new legislation, a section on the FQPA was added to the symposium.
Although the FQPA altered the role of pesticide use benefits in the regulatory process, this
topic remained because efficient agricultural production systems, required by an ever-
increasing population, mandate a consideration of use benefits from a practical
perspective.

This book examines various aspects of pesticide risks and benefits, first giving a
general overview of the topic. This is followed by a section devoted to the FQPA, because
that will be the driving force for U.S. use of pesticides. The FQPA section outlines the
statute, covers the major factors that will influence future risk determinations, and
examines impacts at the state level. The next two sections look at factors involved in
reducing or managing risks and at various considerations associated with pesticide benefits
analyses. Ultimately a section is devoted to issues associated with pesticides in the arena
of global trade.

The broad array of topics makes this book valuable to a wide audience, ranging
from scientists to policy makers. Presentation of risk and benefit factors together make
this publication somewhat unique. Emphasis is placed on the importance of taking both
into consideration, whether addressing future research or pesticide policy. The editors
express their appreciation to all the authors as well as the reviewers that generously gave
their time and thoughts to making this a successful publication.

NANCY N. RAGSDALE JAMES N. SEIBER

Agricultural Research Station Western Regional Regional Research Center
U.S. Department of Agriculture Agricultural Research Station

Building 005, Room 331, BARC-W U.S. Department of Agriculture
Beltsville, MD 20705 800 Buchanan Street

Albany, CA 94710
ix
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Chapter 1

Examining Risks and Benefits Associated
with Pesticide Use: An Overview

James N. Seiber ! and Nancy N. Ragsdale

! Western Regional Research Center, Agricultural Research Service,
U. S. Department of Agriculture, 300 Buchanan Street, Albany, CA 94710
? Agricultural Research Service, U. S. Department of Agriculture,
Building 005, BARC-W, Beltsville, MD 20705

Pesticides can improve the quality of our lives in and around our
homes, in recreational and aesthetic areas, and, most importantly, in the
year-around availability of agricultural produce, such as fruits and
vegetables, which add diversity and nutritional quality to our diets.
They have also been of great value in combating pests which transmit
disease or otherwise adversely impact human health and are important
tools in controlling the spread of pests imported from other countries.
Pesticides have played a major role in improving agricultural
production in its constant struggle to provide an adequate supply of
food to mankind. The association of risks with pesticides has probably
been recognized since pesticides were first used. The extent and nature
of pesticide risks are much better documented and understood now than
in the past, partly because of the development of toxicology as a
discipline and the impressive gains in analytical chemistry, both
relatively recent occurrences. However, neither benefits nor the
process to determine them have ever been adequately defined. This
paper will examine various risk and benefit factors that currently
contribute to views affecting the availability of pesticides.

Pesticides have allowed twentieth century farmers to dramatically increase yields using
less labor, less land, and less location-to-location, season-to-season, and year-to-year
variations in yield, quality and cost. Modern agriculture makes use of extensive
monoculture or oligoculture systems in order to maximize efficiency in producing,
processing, and marketing food commodities. However, these systems are often more
subject to weed, insect, fungus, rodent, virus and other pest infestations than the less
efficient agricultural systems of the past, so that pest management becomes a key
element in successful modern production (/).

The use of pesticides carries with it a variety of risks. Inherent toxicity and
analytically measurable exposure are critical ingredients in assessing risks due to

U.S. government work. Published 1999 American Chemical Society
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chemicals in general, including pesticides. For ethyl parathion, lead arsenate,
dichlorodiphenyltrichloroethane (DDT), dibromochloropropane (DBCP), and several
other chemicals, the risks have been judged by regulatory authorities and society to
outweigh the benefits, resulting in voluntary or imposed cancellations or bans. Some
states, such as California, have enacted legislation which imposes detailed scrutiny of
pesticide risks from actual or potential human exposures in the workplace, and in air
and drinking water. Increasingly, society has trended toward focusing more on the
risks of pesticides than on benefits, sometimes, some would argue, appearing to
conjure up risks (2) which may be trivial, scientifically controversial, or simply
illogical.

The risks versus benefits arguments are usually adversarial to the extent that the
real purpose of risk-benefit assessment, which is to stimulate continual improvement
in pesticide agents and their human health and environmental safety, is lost. Risk-
benefit assessments will promote continued reductions in risks and increased benefits
to producers as well as consumers. However, the risk process must constantly be
updated to reflect current scientific data, and the benefits data must be more robust.
In order to continue the progress that has occurred in pest management over the last
thirty years, science must play a stronger role in the decisions that determine what
pesticides are available for use in agricultural production.

Food Quality Protection Act (FQPA)

The Food Quality Protection Act (FQPA), passed unanimously by Congress August
3, 1996, provided important amendments to both the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA) and the Federal Food Drug and Cosmetic Act (FFDCA),
the two major laws governing the use of pesticides in the U.S. FQPA addressed a
number of issues that had been in several bills before Congress in previous years. In
addition, a 1993 National Academy of Sciences study, "Pesticides in the Diets of
Infants and Children” (3), was influential in pointing out the need to address health risk
issues from the perspective of infants and children. The FQPA amendments to
FFDCA eliminated the application to pesticides of the Delaney Clause, which
prohibits any food additive that has been shown to cause cancer in humans or
laboratory animals. This does not mean that cancer risk will not be considered, it
simply means that the parameters of the controversial Delaney Clause, which apply to
processed commodities, will not apply in regulatory decisions. Key additions to the
previous risk assessment process under FIFRA and FFDCA that result from FQPA
include special consideration of infant/child exposure, determination of the aggregate
risk that results from all exposures to a given chemical, determination of the
cumulative risk that results from exposures to all chemicals with a common
mechanism of toxicity, and assessment of information regarding the potential for
pesticides and other chemicals to disrupt the human endocrine system.

Included among the many provisions of FQPA is an accelerated review and re-
registration process for all pest-control chemicals, and a thrust for registering/re-
registering reduced-risk and minor use pesticides. FQPA will drive many changes in
the registration of pesticides, with implications for the discovery and development
phases, use patterns, and safety evaluation. The full impacts of this legislation are yet
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to be felt, and, in fact, even in 1999 the U.S. Environmental Protection Agency has
continued to struggle with the implementation of FQPA (4). A great deal of concern
exists in the agricultural community about the continued availability of adequate pest
management tools that are essential to the future success of U.S. agriculture.

Risks

Major strides have been made in improving the efficacy and safety of pesticides in the
past thirty years, in part stimulated by Rachel Carson's "Silent Spring" (5), published
in 1962, and the report of the Mrak Commission in 1969 (6). These improvements
have resulted from greatly increased resources devoted to pesticide development and
stewardship by industry, agencies, and academic institutions (7). Among the examples
of improvement are the following;:

® Pesticide-caused occupational and accidental mortality and illness has declined
substantially in the U.S. (8).

® Formulation, application, and waste management practices have improved
considerably (9).

® Opverall market share of lower dose, less toxic, and less persistent pesticides has
increased relative to the older, higher dose, more toxic, and more persistent
chemicals (10).

® Food residue monitoring programs have consistently shown low or immeasurable
residues, and generally low exposure for pesticides used in accordance with label
instructions (/).

These areas of improvement demonstrate that, through scientific research and
application, risks can be minimized. New types of pesticides, improved systems to
ensure they reach intended target sites, assessment of actual human exposure, and
bioremediation are all active research areas that will promote further risk reduction.
As efforts continue to make improvements, the question has been raised about the role
of the public sector in the research that underpins such improvements. The U.S.
Department of Agriculture requested a study by the National Academy of Sciences,
National Research Council, Board on Agriculture to assess and develop a report that
will do the following:

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

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

® Explore the most promising opportunities to increase the 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.

Of course, research alone cannot minimize risks. Education and communication are
key factors as well. The National Academy of Sciences report will be completed and
made public in 1999.
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Benefits

The benefits of pesticides, such as those in human health resulting from availability of
a diverse, wholesome, year-round food supply at prices affordable by all segments of
U.S. society, have not weighed as heavily as risks in recent societal evaluation of pest
control agents. This is reflected in U.S. pesticide law. Under FIFRA, benefits were
included in regulatory decisions; under the FQPA, benefits considerations have
considerately diminished (12).

Failure to adequately consider benefits may be related to a number of factors. For
one thing, no precise definition of benefits has ever been publicly accepted. The most
obvious benefit, and that used most frequently in regulatory debates, is the economic
advantage that agricultural producers receive. The second frequently cited benefit is
the advantage that is passed to consumers providing access to quality agricultural
commodities at reasonable prices. There are other considerations that should fit into
the determination of benefits. These include such things as the impacts of production
on the various industries (packaging, processing, transporting, retailing, etc.)
associated with moving raw products to the consumer, and the health benefits that
result from control of human disease vectors and from food sources free of toxins
associated with pest infestations.

The issue of benefits goes back to the period following the 1975 amendment to
FIFRA. This is the legislation that called for consideration of benefits in the regulatory
decision making process. At this time benefits should have been defined, the methods
to determine them outlined, and the process subjected to public comment followed by
publication of an accepted procedure that would play an integral role in balancing
benefits and risks. In the late 1970s the agricultural community was not sufficiently
organized to accomplish this. In contrast, risks have been well defined, and methods
for risk determination have been meticulously laid out, despite questions on the
scientific relevance of the approach, going through public scrutiny by publication in
the "Federal Register" and presentation to EPA’s FIFRA Scientific Advisory Panel in
meetings open to the public. Nothing like this has ever been attempted for benefits,
and the vagueness surrounding the issue has caused numerous difficulties over the
years, especially when specific pesticides which have been integral parts of agricultural
production systems are subject to the possibility of cancellation. Determining benefits
is not an easy task; there is a large number of variables in agricultural production.
However, the agricultural community needs to be in the position to clearly lay out the
likely impacts of various pest management scenarios that would serve as alternatives
when chemical components of current practices are in question. To do this, the task
of developing the methodology required to present a case that can withstand scrutiny
must be undertaken.

In examining the benefits of a variety of pest management tools, the importance
of alternatives to chemical pesticides and alternative production systems which rely
less on chemicals for pest control must be recognized. Many such alternatives have
emerged during the time period of 1970 to present. Production-scale demonstrations
of non-chemical pest control systems are more frequent (13), and the rapid commercial
development of agricultural biotechnology (/4) promises whole new dimensions in
agricultural pest control. However, improvements in chemicals (novel synthetics,
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natural products, identification of new targets and modes of action) are also
accelerating, making even less likely an “either-or” scenario (0).

Part of the stimulus to move to alternative pest management systems is the desire
to minimize or eliminate use of pesticide chemicals because of a perception that they
are unsafe at any level of use or residue load (15). Another related stimulus is from
the public’s ready and steadily increasing acceptance of organic foods, which are
assumed to be grown without the use of pesticides. However, another is purely
economic; pesticide chemicals alone have not been able to solve all pest control
problems, or can do so only at an unacceptable financial cost due to pest resistance and
pest resurgence (/6). Successful production systems must use an integrated pest
management approach, taking advantage of the wide variety of avenues which
minimize risks while increasing benefits.

Global Market

The ever-increasing amount of global trade has emphasized the need for harmonization
of pesticide regulations. In fiscal year 1996 the U.S. exported agricultural, fish and
wood products worth approximately $69.7 billion while importing such products worth
approximately $49.8 billion (/7). The FQPA encourages support of international
harmonization efforts. Moving agricultural products grown in one country and
intended for food use in another country raises questions about permissible residue
levels, which of course are based on registration requirements. These, in turn, are
primarily based on health and environmental factors. Common regulatory approaches
could greatly simplify the current situation that results from wide variations in
registration requirements from one nation to another.

Another factor that must be considered in global trade is exclusion of pests from
environments in which they do not currently exist. For this purpose, pesticides are
commonly used, and countries often require that certain treatments occur before
accepting a shipment. Currently there is a great deal of concern about the fumigant,
methyl bromide, which is often used in import/export of a wide variety of commodities
to remove the possibility of pest infestations. In accordance with the Montreal
Protocol, methyl bromide, as a likely stratospheric ozone layer depleter, is scheduled
for phase out by 2005. Research is looking for alternatives that will permit
continuation of global trade without increased risk of foreign pest introduction.

Agricultural production efficiency is improving rapidly in many developing
countries. Pesticides have played an important role as these countries become more
self-sufficient in food production, and, in some cases, even export agricultural produce.
However, education is critical to assure that pesticides are stored, used and disposed
of in a manner which will minimize health and environmental risks.

Conclusions

There is an underlying assumption that chemicals will continue their important use in
agricultural pest management, at least until non-chemical alternatives are tested, ready,
and economically competitive with chemicals. Most authorities predict that the sole
use of non-chemical alternatives will not occur in the foreseeable (30-50 year horizon)
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future, if it occurs at all. The passage of FQPA will serve as a reminder of the
continual, and even increasing, scrutiny which pesticides attract. This reinforces the
need to better assess both risks and benefits, while constantly considering ever-
changing societal criteria, including safety and economic concerns.
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Chapter 2

Food Quality Protection Act of 1996

Major Changes to the Federal Food, Drug, and Cosmetic Act;
the Federal Insecticide, Fungicide, and Rodenticide Act
and Impacts of the Changes to Pesticide Regulatory Decisions

Stephen L. Johnson and Joseph E. Bailey

Office of Pesticide Programs, U. S. Environmental Protection Agency,
401 M Street, S.W. (7501C), Washington, DC 20460

Disclaimer: The views presented in this paper are those of the authors and not
necessarily those of the U.S. Environmental Protection Agency (EPA or the Agency).

The Food Quality Protection Act (FQPA) imposed new requirements on
pesticide regulation by amending the Federal Insecticide, Fungicide and
Rodenticide Act (FIFRA), and the Federal Food, Drug and Cosmetic Act
(FFDCA). The FQPA established a new safety standard for pesticide
residues in food -- ensuring a “reasonable certainty of no harm,” with
special consideration given to assessing potential risks to infants and
children by including an additional ten-fold safety factor unless the
Agency determines that a different factor is adequate. EPA’s risk
assessment process also changed to consider additive effects of pesticide
exposure from multiple sources (e.g., drinking water, residential and
dietary) and cumulative effects of pesticides which share common
mechanisms of toxicity. EPA is required to reassess all tolerances, or
allowable food residues, according to the new safety standard and to
establish a plan to reevaluate registered pesticides periodically. EPA is
required to establish an endocrine disruptor screening and testing
program to identify pesticides that may affect endocrine processes. EPA
no longer considers the “de minimis” risk standard, or the “Delaney
Paradox,” that the FFDCA required in establishing tolerances for
pesticides classified as carcinogens. As a result of the FQPA
requirements, pesticide regulatory decisions have been broadly impacted
with a heightened food safety awareness.

The scale of agricultural production today is dependent upon the availability of pesticides
in order to produce the quantity and quality of food demanded by the world’s growing
population. The Environmental Protection Agency (EPA) regulates the sale, distribution
and use of pesticides under two statutes; the Federal Insecticide, Fungicide and
Rodenticide Act (FIFRA), which gives the Agency the authority to register and label

8 U.S. government work. Published 1999 American Chemical Society
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pesticides for use in the United States in such a way that they will not cause unreasonable
adverse effects to human health or the environment; and the Federal Food, Drug and
Cosmetic Act (FFDCA), under which the EP A establishes tolerances, or maximum legally
permissible levels, for pesticide residues in or on food commodities.

On August 3, 1996, President Clinton signed into law the Food Quality Protection
Act (FQPA) of 1996 making sweeping changes to the way the EPA regulates pesticides
(1). The FQPA, which was supported by the Administration and a broadly represented
coalition of environmental, public health, agricultural and industry groups, is the first
major revision of laws governing pesticide regulation in over 30 years and, it was
unanimously signed into law by both houses of Congress with little resistance. The
FQPA greatly strengthens the regulations which protect the Nation’s food supply from
potentially unsafe pesticide residues and sets more strict standards that must be met in
order to satisfy registration requirements for pesticides used on food commodities. Of
particular interest, is the emphasis that this legislation places upon the protection of
infants and children from exposure to pesticides due to their increased sensitivity as
compared with acults.

When the FQPA was signed into law, the EPA was faced with the daunting task
of implementing the law without any allowance provided for a phase-in period. Risk
assessment processes needed to be changed significantly to accommodate the
requirements of the new law; committees needed to be established to address issues such
as identifying pesticides that affect endocrine functioning; and a mechanism needed to be
put into place to reassess within 10 years almost 10,000 tolerances according to a new
safety standard. The EPA’s already heavy burden of regulating pesticides was only made
more burdensome by the passage of the FQPA; however, the importance that the law
places upon protecting public health and ensuring the safety of the Nation’s food supply
far outweigh the cost of any additional resource demands that the law has required of the
EPA.

Amendments to the Federal Food, Drug and Cosmetic Act

Although the primary statute under which the EPA registers, and therefore regulates
pesticides, is FIFRA, the predominant effect that the FQPA has had on the pesticide
regulatory process is through the amendments made to the FFDCA. It is under the
authority of the FFDCA that the EPA establishes tolerances for residues of pesticides in
or on food commodities, and it is in this area, that the FQPA has made the most profound
changes. The regulation of pesticides through the tolerance process is shared by the EPA
and the Food and Drug Administration (FDA). While it is the EPA’s responsibility to
determine what level of pesticide residue can be allowed to remain in or on foods from
a health standpoint, it is the FDA’s responsibility to monitor food items to ensure that
the legally enforceable levels established by the EPA are not exceeded.

A significant improvement to pesticide legislation brought about by the FQPA
was repeal of the Delaney Clause as it relates to pesticide residues and tolerances.
Previously, pesticide residues in processed foods were considered to be food additives
and, if residues in the processed food exceeded the FFDCA section 408 tolerance for the
raw commodity, a separate tolerance was required under section 409 for the processed
food(2). In addition, strict interpretation of the Delaney Clause allowed a zero level of
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residues in food commodities of pesticides that were classified as carcinogens. Under the
new law, pesticide residues are not considered to be food additives and therefore, are no
longer subject to regulation under the Delaney Clause(3). Instead, the FQPA has
established a single health-based standard which applies to both raw agricultural
commodities as well as processed foods-—a standard that is much less contradictory and
easier to apply to pesticide regulatory policy. The single health-based standard is such
that the EPA can establish or maintain a tolerance if it is determined to be safe, and safe
is defined in the law to mean that there is a reasonable certainty that no harm will resuit
from exposure to the pesticide residue(4).

The FQPA emphasizes the importance of considering extra sensitivities of infants
and children to pesticide exposure. In establishing, modifying or revoking a tolerance,
the EPA must now consider in its risk assessment process, any available information
about food consumption by infants and children, information about increased sensitivity,
and information about cumulative effects of pesticides that may share a common toxic
mechanism. The 1993 National Academy of Sciences study, “Pesticides in the Diets of
Infants and Children,” reported the results of its research on what is known about the
effects of pesticides in the diets of infants and children and evaluated current risk
assessment methodologies and toxicological issues of concern(5). In general, the report
concluded that infants and children may react differently from adults when exposed to
pesticides and that these differences should be considered when assessing potential risks
from exposure. Further, the report recommended that, in instances where increased
susceptibility to pesticides is believed to occur, an additional safety factor should be more
routinely employed to adequately protect infants and children from potential risks. It is
from some of the recommendations of this report that the FQPA mandates were framed
into legislative initiatives for pesticide regulatory policy reform, particularly focusing on
the protection of infants and children.

Stemming from the recommendations of the National Academy of Sciences
report, the FQPA requires that up to an extra 10-fold safety factor be applied during risk
assessing when it is determined that a pesticide may present risks to infants and children
because of their increased sensitivity(6). As a result, the EPA places greater emphasis
onits review of toxicological studies that provide insights to reproductive, developmental
and neurological effects of pesticides that could indicate increased susceptibility to infants
and children. In those cases where extra sensitivities are believed to be possible, after
using a weight-of-evidence evaluation, the Agency will retain an additional 10-fold safety
factor in order to adequately protect these more sensitive individuals unless there are
reliable data that indicate a lower safety factor, or no additional factor, is adequately
protective. A standard 100-fold safety factor has always been used by the EPA in its risk
assessments to account for intra- and inter-species variability and uncertainty.

The EPA has historically handled each chemical and each exposure scenario
separately in its risk assessment determinations. Risks have been estimated for diet,
drinking water, and residential uses, such as pest control in the home or on lawns and in
gardens, but they were not added together to see what the combined risk estimate would
be. The FQPA has addressed the fact that people are not exposed to chemicals on an
individual basis, but rather, may be subject to exposure to several different chemicals
simultaneously, and from a variety of sources. Therefore, it is reasonable to approach
risk assessment in such a way that reflects actual exposure in the real world, and the
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FQPA now requires that the EPA consider this issue through both aggregate exposure
and through cumulative risk assessment(7). The EPA is required to determine that a
reasonable certainty of no harm will result when considering the additive effects of
various exposure routes for a single pesticide; i.e., exposure from dietary sources
(including food and drinking water) and all other non-occupational sources, largely
residential exposure. Similarly, the EPA is required to consider the additive or
cumulative effects of those pesticides which exhibit toxicological effects through similar
mechanisms of action.

At the time the FQPA was signed by the President, the EPA had about 9,700
tolerances on record. The FQPA requires that all existing tolerances be reviewed
according to the new safety standard established by the legislation and an ambitious
schedule for review of these tolerances is also established by the law. The FQPA requires
that 33 percent of the tolerances on record be reviewed within 3 years, 66 percent within
6 years and 100 percent within 10 years(8). In August 1997, the EPA published a notice
in the Federal Register that outlined a schedule to meet this requirement(9). Also, the
law requires that the EPA give priority to reassessing the tolerances for those chemicals
which appear to pose the greatest risk. The EPA is advancing review of those pesticides
that pose the highest risks to the front of the queue and is developing an approach to
review the organophosphate pesticides as the first major group of similar chemicals.

Sharing a common endpoint, cholinesterase inhibition, it has been recommended that risk
assessment for this class of pesticides be conducted cumulatively as the FQPA requires
for chemicals sharing a common mechanism of toxicity.

The FQPA further requires the EPA to establish a tolerance reassessment fee
system that adequately maintains the services required to reassess tolerances, including
the acceptance for filing of a petition and for establishing, modifying, leaving in effect,
or revoking a tolerance or exemption from the requirement for a tolerance(70). The funds
generated shall be available without fiscal year limitations.

The FQPA has changed how benefits may be considered in determining the
eligibility of a pesticide for registration. The new law allows tolerances to remain in
effect for pesticides that might not otherwise meet the new safety standard based on
benefits of the pesticide only under certain conditions. Pesticide residues would only be
“eligible” for such tolerances if use of the pesticide prevents even greater health risks to
consumers or the lack of the pesticide would result in “a significant disruption in domestic
production of an adequate, wholesome and economical food supply(7/).” The new
provision narrows the range of circumstances in which benefits consideration plays a
significant role in determining whether or not a tolerance is appropriate for a particular
pesticide use.

The FQPA emphasizes increased public awareness about the foods we eat and the
potential for pesticide residues to occur on those foods and mandates the EPA to publish
by August 1998, a document that discusses the risks and benefits of pesticides, a list of
those pesticides for which there are benefit-based tolerances and the foods which may
contain residues of these pesticides, and recommendations for ways to reduce dietary
exposure to residues of pesticides in foods(72). The document is required to be provided
to major grocery stores and made available on an annual basis after the first publication.
Grocers may decide how they wish to make the information available, and in fact, are not
bound in any legal manner to even make the information available to consumers.
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However, it is a means of letting consumers know how to reduce potential risks that
might be possible from pesticide residues in food and allows them to make more informed
decisions about the kinds of foods they eat. The EPA fully endorses measures to inform
the public about all aspects about the potential risks and benefits of pesticides.

Endocrine disruptors are chemicals which are believed to conflict with normal
functioning of natural endocrine hormones in animals and humans. Although there is
little, if any, demonstrative evidence of disruptive effects in humans, data are available
which indicate that certain chemicals are biologically active in affecting hormonal
functions in certain wildlife, and therefore, it is not unreasonable to believe that some
effects may be possible in humans. This area of science is relatively newly emerging and
much is unknown about the actual effects; however, continuing research is elucidating
some of the science. The FQPA acknowledges the potential effects on endocrine
functioning that may be linked with pesticide exposure and requires the EPA to develop
a screening and testing program for pesticides that will determine if certain chemicals may
have endocrine disrupting effects(13).

Amendments to the Federal Insecticide, Fungicide and Rodenticide Act

The Federal Insecticide, Fungicide and Rodenticide Act was first enacted in 1947 to
regulate the use of pesticides in the United States with a number of amendments having
been made subsequently to the law(14). Pesticide use is largely controlled by the
registration or approval of specific uses of pesticides by the EPA based on scientific
review of data about the specific chemical and a risk assessment/risk management process
that determines the conditions under which the pesticide may or may not be used. The
FQPA changes to FIFRA relate largely to minor uses and antimicrobial registration.

Minor crop consideration by industry has always been a concern for the United
States Department of Agriculture (USDA), the EPA and minor crop growers. Because
of lower economic incentives to produce chemicals for minor crop production, industry
has tended not to be as supportive of chemicals for minor uses as compared to other
larger scale production crops. The FQPA first clearly defines minor use as use of a
pesticide on a crop that has less than 300,000 total U.S. acres in production. The FQPA
then provides incentives that make supporting minor use pesticides more appealing.
These incentives generally focus on the submission of data to support minor use pesticide
registration, such as providing time extensions for providing required data and expediting
review of applications for minor uses. In addition, the EPA is required by the FQPA to
establish a minor use program to coordinate minor use activities(7.5). In September 1997,
the Agency formed a minor use team designed to provide a coordinated program-wide
approach to minor use pesticide issues. The goals of the team are three-fold: 1) to
promote the collection and use of best available usage information for risk assessments,
2) to facilitate open dialogue with the minor use community and 3) to promote the
development of safer pesticides for minor use crops. The EPA is committed to working
closely with the USDA and growers to ensure that needed pesticides continue to be
available to control minor use pests.

Prior to the FQPA, no special provisions were in place for the regulation of
antimicrobial pesticides and the EPA provided no special consideration for antimicrobial
pesticide applications for registration. The new law requires reform of the antimicrobial
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registration review process to accelerate reviews for registration of antimicrobial
pesticides and their amendments(16). Since the FQPA was enacted, the Agency has
structured a separate division solely devoted to the registration related actions for
antimicrobial pesticides. Focused attention has been placed on the number of pending
actions for antimicrobials and as a result, backlogs have been reduced by more than 75
percent, reflecting a diligent effort to provide faster processing under a more streamlined
process.

Perhaps one fundamental change to pesticide regulatory policy that the FQPA
imposes is acknowledgment that science is not a static discipline and pesticide research
and risk assessment methodology is a rapidly developing area. The EPA has undertaken
reviews of pesticides previously registered under FIFRA in discrete programs, most
recently under the 1988 amendments to FIFRA that led to establishment of a program to
review all pesticide active ingredients registered prior to November 1984. The intent of
this reregistration program is to bring those active ingredients registered prior to
November 1984 up to current day standards of testing as required by the EPA, but only
on a one-time basis, with no further reviews required. Because science is continually
evolving, the FQPA requires the EPA to periodically review pesticide registrations with
a review goal of every 15 years(77). The EPA is required to establish, by regulation, a
procedure for this periodic review. Ifthe EPA determines that additional data are needed
for any review, such data may be required under FIFRA section 3(c)(2)(B)(18). This
periodic revisiting of pesticide registrations ensures that their physicochemical and
toxicological characteristics are reevaluated according to current state-of-the-science.

EPA’s Direction and Impacts of the FQPA on Regulatory Decisions

The enactment of the FQPA has presented challenges to everyone involved---growers,
regulators, industry, environmental groups and government alike. While the EPA has
taken steps to implement all of the requirements of the law, those requirements that
emphasize the protection of infants and children have perhaps taken front stage as
deliberations progress toward policy development and refinement. Those aspects of the
FQPA that require consideration of an additional safety factor, aggregate exposure and
cumulative risk are difficult issues to resolve and are complex science issues at the leading
edge of evolving pesticide toxicology and risk assessment methodology. The Agency is
working to develop sound science policy for these issues and is consulting experts in
these areas to allow the best scientific minds to contribute to the resolution of difficult
problems.

Because the requirements of the FQPA could impact a wide range of regulators
and stakeholders, it has been the EPA’s intent to involve as many of the groups that may
be affected as early as possible in the implementation stage. This is particularly the case
with the difficult science issues that the Agency needs to understand before taking
regulatory action based on new policy. Such issues include how to apply the additional
10-fold safety factor, how to incorporate aggregate exposure and cumulative risks into
the risk assessment/risk management process, how to screen for endocrine disrupting
pesticides, how to incorporate drinking water and residential exposure assessments into
the overall risk assessment for the chemical, and how to design an effective consumer
right-to-know document that provides information about lowering potential risks from
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pesticide residues in food. Through such forums as the FIFRA Scientific Advisory Panel;
the Pesticide Program Dialogue Committee; and the International Life Sciences Institute,
a non-profit worldwide foundation established to advance the understanding of scientific
issues related to nutrition, food safety, toxicology and the environment; the Agency is
providing opportunity for public involvement in our policy making process. In March,
the Agency presented several major issues to the Scientific Advisory Panel that included
consideration of the common mechanism of action for the organophosphate pesticides,
possible probabilistic risk assessment methodology for evaluating pesticides that exhibit
common mechanisms of action, and the use of the additional 10-fold safety factor to
address special sensitivity of infants and children to pesticides. Elucidating the science
around such complex issues requires the knowledge of the best experts in the field to
adequately establish sound science policy and regulatory decisions. It is the EPA’s goal
to do this. Further, the Agency is urging growers to communicate with the EPA through
its representative organizations and through the USDA to let the EPA know more
precisely how particular pesticides are used in their cropping schemes and what
alternative pesticides they will resort to if certain pesticide uses are determined to be
ineligible for continued use under the new FQPA safety standard.

In response to an April 8, 1998 memorandum from Vice President Al Gore to the
EPA and the USDA in which the Vice President reaffirmed the Administration’s
commitment to the FQPA and clarified how to fulfill the requirements of the law (79), an
advisory group was created to ensure smooth implementation of the requirements so that
the important health aspects of the law are carried out and at the same time, the Nation’s
important agricultural production is not impeded. The advisory group, co-chaired by the
Deputy Administrator of the EPA and the Deputy Secretary of the USDA, will ensure
that the implementation of regulatory processes flowing from the FQPA requirements is
transparent, based on sound science, and provides for a reasonable transition for
agriculture that reduces risk from pesticide use while not jeopardizing the level of
agricultural food production. An unprecedented level of consultation will occur between
the EPA and the USDA as well as the public, other Federal agencies, including the FDA
and the Center for Disease Control, and other qualified participants representing farmers,
pesticide companies, environmental groups, public interest groups, and state, tribal, and
local governments. The advisory group will be requested to lay a framework to review
the first major class of chemicals the EPA is evaluating, the organophosphates.

About a year and a half has passed since the FQPA was enacted and the EPA has
continued to make regulatory decisions for pesticide actions throughout this period,
despite some impacts of immediate implementation. Overall, the number of decisions the
EPA made during the first year were slightly under previous records; however, not
significantly. The nature of some of the decisions have been affected by the new safety
standard imposed by the FQPA. Some uses, particularly for emergency exemptions
under FIFRA section 18, have been denied because of the inability to make a reasonable
certainty of no harm finding. The EPA does expect that more difficult decisions will need
to be made in the future as reviews of pesticides such as the organophosphates are
completed and aggregate and cumulative considerations for classes of compounds are
dealt with. However, the EPA will not make these difficult decisions in isolation and fully
intends to keep all interested parties informed of the processes that will be used to
evaluate chemicals and what specific chemical decisions are under consideration.
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Conclusion

The EPA has taken significant steps to implement all of the provisions of the FQPA. The
EPA’s goal has been to provide opportunities for as much public participation in
developing FQPA policy as is possible, while not significantly impacting the number of
decisions we are expected to make in order to carry out our mission of protecting public
health and the environment. The Agency believes that involving stakeholders and other
interested parties in developing new policies is better as a whole and the decisions that
will ultimately result from such policy will be better, more informed decisions. The
Agency is committed to protecting public health and the environment and has placed a
heightened awareness around the special sensitivities of infants and children and towards
strengthening programs that improve consumers’ right-to-know about pesticides and the
safe, responsible use of them. As the Agency moves forward with the implementation
of the FQPA, efforts will be made to continue to keep the regulated community, the
environmental community, consumers, other governmental agencies, and growers aware
of the complex issues we are dealing with and our approaches to find answers to the
difficult questions that are certain to arise.
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Chapter 3

Evaluating Exposures of Infants
and Children to Pesticides

R. D. Thomas

INTERCET, Ltd.
International Center for Environmental Technology,
1307 Dolley Madison Boulevard, McLean, VA 22101-3913

Pesticides are used widely in agriculture to increase crop yields and
have resulted in significant increases in the quantity and quality of fresh
fruits and vegetables in the diet, thereby contributing to improvements
in public health. Even so, human exposure to pesticides may also cause
harm, if doses are elevated. Depending on the dose, a range of adverse
effects in humans may be observed, including both acute and chronic
injury to the nervous system, lung damage, reproductive dysfunction,
and possibly dysfunction of the endocrine and immune systems. For
children, diet is an important potential source of exposure. Children
may be exposed to multiple pesticides with a common toxic effect, and
estimates of exposure and of risk should therefore account for
simultaneous exposures in a variety of foods. This paper will describe
approaches to estimating exposures in children.

Pesticides are widely used in agriculture in the United States. Their application has
improved crop yields and increased the quantity of fresh fruits and vegetables in our
diet, thereby contributing to improvements in public health. Pesticides may also
produce harm. They may damage the environment and accumulate in ecosystems.
Depending on dose, pesticides may cause a range of adverse effects on human health,
including cancer, acute and chronic injury to the nervous system, lung damage,
reproductive dysfunction, and possibly dysfunction of the endocrine and immune
systems.

Diet is an important source of exposure to pesticides. The trace quantities of
pesticides that are present on or in foodstuffs are termed residues. To minimize
exposure of the general population to pesticide residues in food, the U.S.
Government has instituted regulatory controls on pesticide use. These are intended to
limit exposures to residues while ensuring an abundant and nutritious food supply.
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The legislative framework for these controls was established by the Congress through
the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), the Federal Food,
Drug, and Cosmetic Act (FFDCA) and more recently, the Food Quality Protection
Act (FQPA). Pesticides are defined broadly in this context to include insecticides,
herbicides, and fungicides.

Tolerances constitute the single, most important mechanism by which EPA limits
levels of pesticide residues in foods. A tolerance is defined as the legal limit of a
pesticide residue allowed in or on a raw agricultural commodity and, in appropriate
cases, on processed foods. A tolerance must be established for any pesticide used on
any food crop. Tolerance concentrations are based primarily on the results of field
trials conducted by pesticide manufacturers and are designed to reflect the highest
residue concentrations likely under normal conditions of agricultural use. Their
principal purpose is to ensure compliance with good agricultural practice. Tolerances
are not based primarily on health considerations.

Concern about the potential vulnerability of infants and children to dietary
pesticides led the U.S. Congress in 1988 to request that the National Academy of
Sciences (NAS) appoint a committee to study this issue through its National
Research Council (NRC). In response, the NRC appointed a Committee on Pesticide
Residues in the Diets of Infants and Children.

The Committee was charged with responsibility for examining the scientific and
policy issues faced by government agencies, particularly EPA, in regulating pesticide
residues in foods consumed by infants and children. Specifically, the committee was
asked to examine the adequacy of current risk assessment policies and methods; to
assess information on the dietary intakes of infants and children; to evaluate data on
pesticide residues in the food supply; to identify toxicological issues of greatest
concern; and to develop relevant research priorities. This presentation summarizes
the results of the Committee’s work and some of my own thoughts on assessing risk
in children. A more detailed description of the Committee’s work may be found in
the NRC publication, “Pesticides in the Diets of Infants and Children” (1).

Age-Related Variation in Susceptibility and Toxicity

A fundamental principle of pediatric medicine is that children are not "little adults.”
Important differences exist between children and adults. Infants and children are
growing and developing. Their metabolic rates are more rapid than those of adults.
There are important differences in their ability to activate, detoxify, and excrete
xenobiotic compounds. All these differences can affect the toxicity of pesticides in
infants and children. Children may be more sensitive or less sensitive than adults,
depending on the pesticide to which they are exposed. Moreover, because these
processes can change rapidly with growth and can counteract one another, there is no
simple way to predict the kinetics and sensitivity to chemical compounds in infants
and children from data derived entirely from adult humans or from toxicity testing in
adult or adolescent animals.
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The committee found both quantitative and occasionally qualitative differences in
toxicity of pesticides between children and adults. Qualitative differences in toxicity
are the consequence of exposures during special windows of vulnerability. These are
brief periods early in development when exposure to a toxicant can permanently alter
the structure or function of an organ system. Classic examples include
chloramphenicol exposure of newborns and vascular collapse (gray baby syndrome),
tetracycline and dysplasia of the dental enamel, and lead and altered neurologic
development.

Quantitative differences in pesticide toxicity between children and adults are due
in part io age-related differences in absorption, metabolism, detoxification, and
excretion of xenobiotic compounds, that is, to differences in both pharmacokinetic
and pharmacodynamic processes. Differences in size, immaturity of biochemical and
physiological functions in major body systems, and variation in body composition
(water, fat, protein, and mineral content) all can influence the extent of toxicity.
Because newborns are the group most different anatomically and physiologically
from adults, they may exhibit the most pronounced quantitative differences in
sensitivity to pesticides. In those studies examined by the Committee, they found that
quantitative differences in toxicity between children and adults are usually less than a
factor of approximately 10-fold.

Further they found that the mechanism of action of a toxicant, how it causes
injury, is generally similar in most species and across age and developmental stages
within species. For example, if a substance is cytotoxic in adults, it is usually also
cytotoxic in immature individuals. However, the lack of data on pesticide toxicity in
children was a recurrent problem encountered during the study. Little work has been
done to identify the effects that develop after a long latent period or to investigate the
effects of pesticide exposure on neurotoxic, immunotoxic, or endocrine responses in
infants and children.

The Committee reviewed current EPA requirements for toxicity testing by
pesticide manufacturers, as well as testing modifications proposed by the agency. In
general, the committee found that current and past studies conducted by pesticide
manufacturers are designed primarily to assess pesticide toxicity in sexually mature
animals. Only a minority of testing protocols have supported extrapolation to infant
and adolescent animals. Current testing protocols do not, for the most part,
adequately address the toxicity and metabolism of pesticides in neonates and
adolescent animals or the effects of exposure during early developmental stages and
their sequelae in later life.

Age-Related Differences in Exposure
Estimation of the exposures of infants and children to pesticide residues requires

information on (1) dietary composition and (2) residue concentrations in and on the
food and water consumed. The committee found that infants and children differ both
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qualitatively and quantitatively from adults in their exposure to pesticide residues in
foods. Children consume more calories of food per unit of body weight than do
adults. But at the same time, infants and children consume far fewer types of foods
than do adults. Thus, infants and young children may consume much more of certain
foods, especially processed foods, than do adults. And water consumption, both as
drinking water and as a food component, is very different between children and
adults.

The Committee concluded that differences in diet and thus in dietary exposure to
pesticide residues account for most of the differences in pesticide-related health risks
that were found to exist between children and adults. Differences in exposure were
generally a more important source of differences in risk than were age-related
differences in toxicologic vulnerability.

Data from various food consumption surveys were examined during the study.
They found it necessary to create their own computer programs to convert foods as
consumed into their component raw agricultural commodities (RACs). This analytic
approach facilitated the use of data from different sources and permitted evaluation
of total exposure to pesticides in different food commodities. For processed foods,
the Committee noted that effects of processing on residue concentrations should be
considered, but that information on these effects is quite limited. Processing may
decrease or increase pesticide residue concentrations.

The limited data available suggest that pesticide residues are generally reduced
by processing; however, this remains an area where more research is needed to define
the direction and magnitude of the changes for specific pesticide-food combinations.
The effect of processing is an important consideration in assessing the dietary
exposures of infants and young children, who consume large quantities of processed
foods, such as fruit juices, baby food, milk, and infant formula.

Although there are several sources of data on pesticide residues in the United
States, the data are of variable quality, and there are wide variations in sample
selection, reflecting criteria developed for different sampling purposes, and in
analytical procedures, indicating different laboratory capabilities and different levels
of quantification between and within laboratories. These differences reflect variations
in precision and in the accuracy of methods used and the different approaches to
analytical issues, such as variations in limit of quantification. There also are
substantial differences in data reporting. These differences are due in part to different
record-keeping requirements, such as whether to identify samples with multiple
residues, and differences in statistical treatment of laboratory results below the limit
of quantification.

Both government and industry data on residue concentrations in foods reflect the
current regulatory emphasis on average adult consumption patterns. The committee
found that foods eaten by infants and children are underrepresented in surveys of
commodity residues. Many of the available residue data were generated for targeted
compliance purposes by the Food and Drug Administration (FDA) to find residue
concentrations exceeding the legal tolerances established by the EPA under FFDCA.
FQPA addresses some of these issues.
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Survey data on consumption of particular foods are conventionally grouped by
broad age categories. The average consumption of a hypothetical "normal” person is
then used to represent the age group. However, in relying solely on the average as a
measure of consumption, important information on the distribution of consumption
patterns is lost. For example, the high levels of consumption within a particular age
group are especially relevant when considering foods that might contain residues
capable of causing acute toxic effects. Also, geographic, ethnic, and other differences
may be overlooked.

To overcome the problems inherent in the current reliance on "average"
exposures, the NRC used the technique of statistical convolution (i.e., combining
various data bases) to merge distributions of food consumption with distributions of
residue concentrations. This approach permits examination of the full range of
pesticide exposures in the U.S. pediatric population. As is described in the next
section, this approach provides an improved basis over the approach now used for
assessing risks for infants and children.

New Approaches to Risk Assessment

To properly characterize risks to infants and children from pesticide residues in the
diet, information is required on (1) food consumption patterns of infants and
children, (2) concentrations of pesticide residues in foods consumed by infants and
children, and (3) toxic effects of pesticides, especially effects that may be unique to
infants and children. If suitable data on these three items are available, risk
assessment methods based on the technique of statistical convolution and other
related statistical approaches can be used to estimate the likelihood that children,
based on specific exposure patterns, may be at risk. To characterize potential risks to
infants and children, the NRC Committee utilized data on distributions of pesticide
exposure. These were based on distributions of food consumption merged with data
on the distribution of pesticide residue concentrations. Using this approach, the NRC
found that age-related differences in exposure patterns for 1- to 5-year-old children
were most accurately illuminated by using 1-year age groupings of data on childrens
food consumption.

Exposure estimates should be constructed differently depending on whether acute
or chronic effects are of concern. Average daily ingestion of pesticide residues is an
appropriate measure of exposure for a the risk of chronic toxicity. However, actual
individual daily ingestion is more appropriate for assessing acute toxicity. Because
chronic toxicity is often related to long-term average exposure, the average daily
exposure to pesticide residues may be used as the basis for risk assessment when the
potential for delayed, irreversible chronic toxic effects exists. Because acute toxicity
is more often mediated by peak exposures that occur within short time periods (e.g.,
over the course of a day or even from a single ingestion), individual daily intakes are
important for assessing acute risks. Further, examining the distribution of individual
daily intakes within a population of interest reflects the day-to-day variation in
pesticide ingestion both for individuals and among individuals.
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Children may be exposed to multiple pesticides with a common effect, and
estimates of exposure and of risk could therefore be improved by accounting for
these simultaneous exposures. One way this can be accomplished is by assigning
toxicity equivalence factors to each compound with a common mechanism of action.
Total residue exposure is then estimated by multiplying the actual level of each
pesticide residue by its equivalence factor and adding the results. This information is
then combined with data on consumption to construct a distribution of exposure to
all pesticides having a common mechanism of action. Using this multiple-residue
methodology, the committee estimated acute health risks resulting from combined
exposure to five members of the organophosphate insecticide family (Figure 1).

Although some risk assessment methods take into account changes in exposure
with age, these methods have not been universally applied in practice. The
committee explored the use of newer risk assessment methods that allow for changes
in exposure and susceptibility with age. However, the committee found that sufficient
data are not currently available to permit wide application of these methods.

Given adequate data on food consumption and residues, the Committee
recommended the use of exposure distributions rather than single point data to
characterize the likelihood of exposure to different concentrations of pesticide
residues. The distribution of average daily exposure of individuals in the population
of interest is most relevant for use in chronic toxicity risk assessment, and the
distribution of individual daily intakes is recommended for evaluating acute toxicity.
Ultimately, the collection of suitable data on the distribution of exposures to
pesticides will permit an assessment of the proportion of the population that may be
at risk.

Although the Committee considers the use of exposure distributions to be more
informative than point estimates of typical exposures, the data available to the
committee did not always permit the distribution of exposures to be well
characterized. Existing food consumption surveys generally involve relatively small
numbers of infants and children, and food consumption data are collected for only a
few days for each individual surveyed. Depending on the purpose for which they
were originally collected, residue data may not reflect the actual distribution of
pesticide residues in the food supply. Since residue data are not developed and
reported in a consistent fashion, it is generally not possible to pool data sets derived
from different surveys. Consequently, the Committee recommended that guidelines
be developed for consumption and residue data permitting characterization of
distributions of dietary exposure to pesticides.

For carcinogenic effects, the Committee proposed new methods of cancer risk
assessment designed to take differences in susceptibility between children and adults
into account. Preliminary analyses conducted by the committee suggested that
consideration of such differences can lead to lifetime estimates of cancer risk that can
be higher or lower than estimates derived with methods based on similar
susceptibility and constant exposure. However, underestimation of risk assuming
constant exposure was limited to a factor of about 3- to 5-fold in all cases considered
by the Committee.
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Currently, most long-term laboratory studies of carcinogenesis and other chronic
end points are based on protocols in which the level of exposure is held constant
during the course of the study. To facilitate the application of risk assessment
methods that allow for changes in exposure and susceptibility with age, it would be
desirable to develop bioassay protocols that provide direct information on the relative
contribution of exposures at different ages to lifetime risks. Although the Committee
did consider it necessary to develop special bioassay protocols for application in the
regulation of pesticides, it would be useful to design special studies to provide
information on the relative effects of exposures at different ages on lifetime cancer
and other risks with selected chemical carcinogens.

Conclusions

Better data on dietary exposure to pesticide residues should be combined with
improved information on the potentially harmful effects of pesticides on infants and
children. When assumptions are substituted for actual data, assumptions should be
realistic, and the basis for these assumptions should be clearly stated. Risk
assessment methods that enhance the ability to estimate the magnitude of these
effects should be developed, along with appropriate toxicological tests for perinatal
and childhood toxicity.
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Chapter 4

Issues Related to Screening and Testing
for Endocrine Disrupting Chemicals

James C. Lamb, IV and Shanna M. Brown

Jellinek, Schwartz & Connolly, Inc., 1525 Wilson Boulevard, Suite 600,
Arlington, VA 22209

Recently, the Environmental Protection Agency’s (EPA) Endocrine
Disruptor Screening and Testing Committee (EDSTAC) completed
spelling out its recommendations for screening and testing. That
report sets precedent for how the government could address the
study and regulation of certain noncancer endpoints. We have
learned many lessons from the use of short-term screening tests in
cancer risk assessment. How can we apply those lessons to the
environmental endocrine issue, when such screening is about to
begin? How will we determine whether changes in male
reproduction are real, and whether they are related to
environmental chemical exposures? A good deal of research on
breast cancer is underway, but significant questions exist in male
reproductive health as well. These should receive significant
attention. Which wildlife models are relevant to human health? It
has been stated that the affected wildlife populations might serve as
a sentinel for potential human effects. This issue should be
addressed directly. The following presents an overview of these
issues and describes how they may affect toxicology and risk
assessment.

Endocrine disrupting chemicals (EDCs) have been the subject of many recent
conferences and review publications. One of the first books to present endocrine
disruption as an emerging issue was based on a “consensus conference” convened
by Dr. Theo Colborn (7). That meeting has often been referred to as the
Wingspread conference. The proceedings of the conference were published, and
they represent one of the first times the term “endocrine disruptor” was coined.
According to the proceedings, the panel perceived a link between human outcomes
and changes observed in wildlife populations. The consensus panel at that
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conference expressed concern that, based on observations in wildlife populations,
humans might be at risk for widespread adverse effects to their reproductive and
endocrine systems from environmental chemicals. They expressed certainty that “a
large number of man-made chemicals that have been released into the environment,
as well as a few natural ones, have the potential to disrupt the endocrine system of
animals, including humans” [ that] “many wildlife populations are already affected”
[and that] “humans have been affected by compounds of this nature, too.” The
Wingspread monograph made many predictions of adverse effects on reproduction
and endocrine function caused by chemicals that mimic the effects of natural
hormones through the natural ligand-receptor system (7).

Shortly after the Wingspread conference, Dr. Colborn and her colleagues published
a list of more than 40 chemicals [“known to affect the reproductive and endocrine
systems”] (2). That list neither indicated what the specific effects were, nor stated
whether other toxic effects were seen at the same or lower dose levels, nor
explained how the levels used in these studies compared with real-world exposure
levels. The list was based largely on secondary references. Many of the agents
appeared to be on the list only because they have been shown to have estrogenic
activity in one or more in vitro (test tube) assay systems. The concern was that the
listed chemicals, by binding with the estrogen receptor, may act like the synthetic
estrogen, diethylstilbestrol. Despite the deficiencies in the research supporting the
list, it has been republished and expanded in many subsequent publications. It has
even been used by regulatory agencies, including a 1997 publication by the state of
Illinois that categorizes chemicals into “known, probable, and suspect” endocrine
disruptors. The lay press has presented concerns about endocrine disruption in the
print and electronic media. Assault on the Male is a documentary made for the
BBC television show Horizon in 1993. The documentary was written by Deborah
Cadbury, who later wrote a book entitled The Feminization of Nature (3). The
documentary presents scientists, such as Dr. John McLachlan, Dr. Louis Guillette,
Dr. Richard Sharpe, Dr. Ana Soto, and Dr. Theo Colborn, to explain their
concerns about hormonally active chemicals. The story is both alarming and
compelling. It was aired in Europe first and then in the United States, and helped
stimulate interest in the potential effects on humanOs and wildlife.

Dr. Colborn’s concerns about the environmental endocrine issue, as well as the
basis for those concerns, are presented in a book entitled Our Stolen Future (1996)
(4). The presentation relies heavily upon researchers that concur with Dr.
Colborn’s views on this issue, and this book has captured the attention of many
politicians and the media. The foreword was written by Vice President Al Gore,
and he acclaims the book as being as significant as Rachel Carson’s Silent Spring.

Although Our Stolen Future has increased the public’s and the media’s attention to
this issue, political action has been part of the environmental endocrine issue since
1994. At that time, the Clinton Administration’s Clean Water Initiative (35)
proposed legislation that would have led to the study and phaseout of chlorine
because of a concern that persistent chlorinated chemicals could adversely affect
human health, particularly the endocrine system. Although that bill did not pass,
other laws have been enacted that address the environmental endocrine issue. The
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Food Quality Protection Act of 1996 (FQPA) and the Safe Drinking Water Act of
1996 (SDWA) each include provisions requiring the screening of chemicals for
estrogenic activity and allowing the study of other hormonal activity for pesticides,
inert ingredients in pesticides, and other environmental chemicals.

The passage of this legislation gave rise to the Endocrine Disruptor Screening and
Testing Committee (EDSTAC), an advisory group that is helping the
Environmental Protection Agency (EPA) determine how to screen and test
chemicals for hormonal and anti-hormonal activity. The FQPA and the SDWA
allow EPA to screen pesticides and other chemicals for estrogenic and other
hormonal activity. EDSTAC is advising EPA on what hormonal activities should
be investigated, and how this should be accomplished. At this time, EPA intends
to consider screening many of the nearly 87,000 chemicals used in commerce for
estrogenic, androgenic, and thyroid hormone agonist and antagonist activity.
EDSTAC is proposing a system for setting priorities for screening and testing
under which very rapid assay methods would be used for the first step of
screening. EPA is developing the screening and testing system under a two-year
regulatory deadline that began when FQPA was passed in August 1996.

Special Areas of Interest

“Endocrine disruption” is a broad term that generally implies that adverse effects
are caused to an intact organism through a chemical effect on hormone synthesis,
release, transport, metabolism, uptake, or action. The precise mechanism of action
need not be known under most definitions. The “European Workshop on the
Impact of Endocrine Disrupters on Human Health and Wildlife” defined an
endocrine disruptor as “an exogenous substance that causes adverse health effects
in an intact organism, or its progeny, secondary to changes in endocrine function”
(6). Initially, the EPA EDSTAC had considerable disagreement on the definition
of an “endocrine disruptor.” As a consensus definition, EDSTAC concluded that
an endocrine disruptor is “an exogenous chemical substance or mixture that alters
the structure or function(s) of the endocrine system and causes adverse effects at
the level of the organism, its progeny, populations, or subpopulations of
organisms, based on scientific principles, data, weight-of-evidence, and the
precautionary principle.” Many potential mechanisms and targets exist under these
definitions. This paper identifies some of the most prominent or well recognized
potential modes of action. Although it is not a complete list, the selection should
provide the reader with an appreciation for the scope of issues faced in this area.

Hormone Synthesis, Release, and Transport, as Well as Hormone-Receptor
Interaction. The endocrine system is one of the most complex systems in the
human body. It controls and coordinates many basic functions as the body grows
from a fetus through mature adulthood to old age. The endocrine system provides
homeostatic control for various systems. It also influences and controls the
development of organ systems. The endocrine system includes the brain,
reproductive organs, and other glands; the hormones they secrete; and the
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receptors in target organs that respond to the hormones. Through these chemical
messengers, the endocrine system communicates with the body, including the
reproductive, immune, nervous, respiratory, and digestive systems.

The interest in the environmental endocrine issue has focused on three major
hormone systems: The ability of chemicals to act as estrogen (E), androgen (A),
or thyroid (T) agonists or as antagonists has been the primary focus in this issue.
The EPA EDSTAC is defining a screening battery that will identify chemicals that
interact with these three hormone receptor systems. Each hormone system is
controlled by the pituitary gland. Estrogens (estradiol, estriol, and estrone),
progestins (progesterone), and androgens (testosterone and dihydrotestosterone)
are gonadal steroid hormones. Their synthesis and release are controlled by
pituitary peptide hormones: follicle stimulating hormone (FSH) and luteinizing
hormone (LH). FSH and LH are under control, in turn, of hypothalamic
gonadotrophin releasing hormone (GnRH). GnRH, LH, and FSH synthesis and
release are all affected by steroid hormone levels. This hypothalamic-pituitary-
gonadal axis is a feedback loop that maintains appropriate hormone levels. This
system supports gametogenesis, accessory sex organ function, and reproductive
system development. Depending upon the type and timing of an effect, disruption
could temporarily or permanently alter these organ systems.

In Utero Exposure and Reproductive Tract Function and Development. The
greatest concerns for endocrine effects are those that cause permanent changes
during development that may not be detected until the affected organism reaches
sexual maturity. DES has been proposed as the model for those concerns,
although the potency and dose of DES is generally much greater than that for
other chemicals being postulated as potential environmental endocrine disruptors.
DES is an example of an agent that has caused significant effects through a
hormonal mechanism. The consequences of that exposure were profound .

DES was administered to approximately four million pregnant women, between
1938 and 1971, to prevent miscarriages. As adults, the children of the women
who took DES had increased rates of reproductive cancers and other gonadal
diseases. The DES-exposed daughters have increased incidences of clear cell
adenocarcinoma, vaginal adenosis, infertility, and other vaginal epithelial changes.
While DES-exposed sons have not experienced increased rates of cancer they have
experienced anomalies of the genital tract.

Breast Cancer. The American Cancer Society estimates 180,200 new breast
cancer cases in women in the United States in 1997. Since 1987 (based on data
from 1993), the age-adjusted breast cancer rates have leveled off at about 110
cases per 100,000 women, after increasing steadily from 83 per 100,000 in 1973
(NCI Surveillance, Epidemiology, and End Results Data (7). The increase in the
number of breast cancer cases of about 4 percent per year has been attributed
largely, but not completely, to improved diagnosis. Mortality has remained
between 25 and 28 per 100,000 women since 1973 and has not changed
significantly, despite improved detection.
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Estrogens may have a paradoxical effect on breast cancer. On the one hand, some
risk factors for increased breast cancer appear to be related to increased
endogenous estrogen exposure. On the other hand, weak exogenous estrogens,
like phytoestrogens produced by plants such as soy beans, appear to be associated
with decreased breast cancer risk (8-9). The incidence of breast cancer in Japan is
much lower than that in the United States. Many doctors believe the large
amounts of soy protein in the typical Japanese diet significantly lower cancer risk.
Paradoxically, soy protein is rich in naturally occurring estrogenic substances.
More research on the mechanism of the body’s response to naturally occurring
estrogenic substances from plants and other sources is needed to understand the
differences in cancer rates between Japan and the United States, including ethnic
differences.

Factors are present in a soy-rich diet that decrease breast cancer risk (10-11). Soy
contains isoflavone aglycones, like daidzein, equol, and genistein, which have
estrogenic activity. They also have anti-estrogenic activity and other potentially
anti-carcinogenic activity. Soy has been shown to have protective effects against
breast cancer, as well as other types of cancer. Are chemicals in soy acting as
weak estrogens or anti-estrogens that limit the potential adverse effects of more
potent estrogens? Or are they acting as anti-carcinogens by inhibiting protein
tyrosine kinase or other critical enzymes involved in signal transduction? These
are important questions that may affect drug design and dietary advice related to
phytoestrogens.

Male Reproductive Effects: Sperm Count, Fertility, and Accessory Sex
Organs. Of all the recent controversies about the potential effects of estrogenic
chemicals on the human body, the apparent decline in sperm count has generated
the most attention—and the most confusion (72-15). Several studies in the past
few years have reported that, in many countries of the world, levels of sperm
produced by adult males are declining.

One study published in 1992 in the British Medical Journal concluded that the
worldwide level of sperm production had declined 50 percent during the past 50
years (16). That study was a statistical analysis combining data from 61 different
studies on male semen quality (sperm density and semen volume). The 61 reports
were published between 1938 and 1990. The meta-analysis of those studies
showed a highly significant (p<0.0001) decline in sperm count from 133 x 10°
sperm/mL in 1940 to 66 x 10° sperm/mL in 1990 by linear regression analysis.
Semen volume was also significantly lower, dropping from 3.40 to 2.75 mL from
1940 to 1990 (p=0.027) (17). The men in the 61 studies were semen donors either
of proven fertility in some studies, or of unknown fertility in others. Studies were
from various countries; 28 studies were from the United States. The group sizes
varied from 7 to 4435 men per study. The authors correlate the drop in semen
quality with increases in testicular cancer, cryptorchidism, and hypospadias. They
have developed a hypothesis that these changes could be related to increased
environmental contaminants, especially xenoestrogens (/7). The hypothesis that
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was repeated by others is that estrogens could be responsible for a drop in sperm
count and a decline in male reproductive health (18, /4). Jensen et al. described a
decline in male reproduction since World War II, and speculated that the decline
was related to the use of DES by pregnant women, or exposure to environmental
estrogens. Sharpe and Skakkebaek (14) also hypothesized that the male effects
could be the result of estrogen exposure. Changes in male reproductive tract
development have been observed in humans and animals exposed to DES.
Prenatal exposure to estrogens can alter mullerian duct regression, leading to male
reproductive tract abnormalities. Leydig cell and Sertoli cell activity can also be
affected, which could change testosterone production and sperm production,
respectively.

The Carlsen study raised important issues by looking at old data in a new way. It
was argued, however, that there were other ways to look at the same data. When
the data from the 61 studies were reanalyzed by other scientists, a different
conclusion was reached (19). The original analysis used a linear model to test for a
trend in sperm counts. Olsen and coworkers used three other statistical models:
the quadratic, spline fit, and stairstep. They provided six reasons that support their
view that the linear model was not the best choice. They concluded that, if the
initial decline was real, there was no further decline after 1960. In fact, the most
robust data are found in the last 20 years, and they show constant or slightly
increasing counts.

Explanations of the complexities of measuring sperm count, and the potential
influence of the factors on the data, are provided by Lerchl and Nieschlag (12).
They point out that such studies were based on evaluating sperm counts in normal
men. Normal, however, is defined by the World Health Organization (WHO) with
a numerical cut-off, which has changed (decreased) over the years. That drop in
the line separating normal from abnormal could account for a drop in “normal”
sperm count, if the laboratory censures all subnormal values from the database, or
rejects subnormal men as sperm donors (72). Bromwich et al. (20) studied the
influence of changing the reference value for normal, and investigated whether
sperm count distribution was better modeled by a normal distribution or a
lognormal distribution. They concluded that the reported decline in sperm
concentration could be an artifact of the methods used by Carlsen et al. (12) and
also identified important issues that have to be controlled, such as age of donor,
duration of abstinence prior to donation, and comparability of methods among
laboratories.

The Carlsen et al. study concluded that there was a global reduction in sperm
count. Other investigators have narrowed their focus to specific locations. One of
the strongest studies was by Auger et al. (2/). They reported a decline in sperm
count in Paris, France, between 1973 and 1992. They studied 1351 fertile men,
and mean sperm concentration dropped approximately 2.1 percent per year, from
89 x 10° sperm/mL to 60 x 10° sperm/mL (p<0.001). Studies in Toulouse, France,
from 1977 to 1992 failed to observe a decline like that seen in Paris (22).
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A study of 1283 U.S. men showed no decline in semen quality in various regions
of the United States from 1970 to 1994 (23). There was a slight increase in mean
sperm concentration, but not in sperm motility or semen volume. There were
significant regional differences: New York had the highest sperm concentrations
and motility, Minnesota had the second-highest, and California had the lowest. No
explanation for the geographic differences has been provided, but different
counting chambers were used in California than in New York and Minnesota. A
seven-year study from 1979 to 1986 showed no decline in daily sperm production
samples from Texas (24). Data from Seattle, Washington, showed no decline in
semen quality from 1972 to 1993, using 510 healthy men (25).

It has been hypothesized that declines in testicular function or sperm count could
be related to estrogen exposure (14). However, few, if any, sperm count studies
have included data on the extent to which participants were exposed to chemicals
in the environment. Thus, the research provides no basis for suggesting a link
between chemical exposure and sperm counts, and the link to estrogens is highly
tenuous, but it is biologically plausible. Scientists do not understand the factors
that cause sperm counts to differ greatly from city to city or among neighboring
countries. At this time, the pattern of variation does not seem to be consistent
with the idea that exposure to chemicals in the environment—either before or after
birth—is affecting sperm count.

It has been suggested that in utero exposure to synthetic chemicals with estrogen-
like properties could be a risk factor for testicular cancer (74, 26-27). Some
studies of men whose mothers took DES during pregnancy have found a possible
increased risk of testicular cancer and of undescended testes at birth (28-29).

Prostate Cancer. Accessory sex organs, like the prostate, are generally derived
from the Wolffian duct. Part of the prostate, called the prostatic utricle, is a
remnant of the Mullerian duct. That remnant can persist with prenatal exposure to
DES, and may give rise to prostate disease (28). Cancer of the prostate gland is
the second most prevalent form of cancer. The most significant risk factor for
prostate cancer is age, and other established risk factors are related to family
history of the disease, ethnicity, and country of residence (30). The prostate is a
hormone-responsive tissue. Exogenous estrogens could be causing higher rates of
cancer of the prostate gland by interfering with the endocrine system.

Like breast cancer, prostate cancer rates increase dramatically with age. The
SEER data showed 43 cases of prostate cancer per 100,000 for men under 65 and
1239 per 100,000 for men over 65 from 1990 to 1994 (7). Also, like breast
cancer, the incidence of prostate cancer has shown a dramatically increasing trend
with a 294 percent increase in men under 65 from 1973 to 1994, and a 110 percent
increase in prostate cancer in men over 65 (7). After increasing slowly for many
years, the incidence of new cases jumped in 1987 and has grown approximately 20
percent each year since then. However, this increase is primarily the result of
better detection of the disease through increased screening. By using new lab tests
and ultrasound techniques, early-stage prostate cancers are detected that could not
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be diagnosed before. In other words, the risk of getting prostate cancer may not
have changed, but the chances of a doctor discovering a cancer early enough to
treat it have improved (31).

The growth of prostate cancers can often be controlled by reducing the level of
testosterone in the blood, suggesting the cancer is sensitive to the hormone.
However, research has consistently failed to show any link between levels of
hormones in the bloodstream and risk of the disease. The potential connection
between prostate cancer and exposure to estrogenic chemicals in the environment
is an area that needs further study.

Interesting experimental findings on prostate weight changes, but not on cancer or
disease, have shown that very low doses of DES in utero will increase prostate
weight slightly (32). Higher doses of DES decreased prostate weight. The
experiment was conducted on a very small sample size, and the weight increases
were also small. No histopathology has been presented to describ the
morphological changes, but these studies have been presented as a model for
estrogeninduced prostate cancer and disease.

Screening, Testing, and Risk Assessment Issues. The EDSTAC Final Report
(33) spells out a series of short-term mechanistic studies that are included under
the high throughput pre-screen (HTPS) and Tier 1 Screen (T1S). The report also
describes the studies that could be useful for safety assessment under Tier 2
Testing (T2T).

Risk assessment is based upon hazard, potency, and exposure. Hazard is the
inherent property of a chemical to cause an adverse effect. For chemicals that
affect the endocrine system, it is not a simple task to identify such adverse effects.
Because these chemicals act on systems that affect normal homeostatic responses,
it is not always clear whether a change in an end point will necessarily lead to a
change that adversely affects structure or function. Many of the assay systems
that are currently being proposed to screen for endocrine activity are the same
screens that would identify physiological or pharmacological activity. Estrogen
and androgen hormone receptor binding have both been proposed as part of the
screen for potential endocrine-disrupting activity. Effects on hormone receptor
binding and hormone synthesis have both been proposed to be included in a
screening battery. The screening assessment is based on physiological activity and
the ability of a chemical to mimic or to antagonize hormone activity. Adverse
effects would be considered in later tests. Compounds should not be labeled as
endocrine disruptors based on the results of screening tests.

Testing methods have been reviewed in a number of articles (34-36). Methods
have been developed to assess broad biological functions, as well as specific
molecular events, related to endocrine function and toxicity. Test selection is
critical.

The potency of hormonally active agents can differ by orders of magnitude (37).
Estradiol and DES are potent estrogens, while plant estrogens may be one to
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several orders of magnitude less potent [See Table 2] (38). Synthetic chemicals
that have received so much attention are often even less potent by several orders of
magnitude.

For example, considerable attention has been focused on pesticides, because DDT
was one of the first substances to be identified as hormonally active. However,
DDT and several other hormonally active pesticides have very weak estrogenic
potency.

Moreover, pesticides introduced in recent years all have been tested to determine
their effect on reproduction. Scientists specifically look for evidence of
reproductive effects during extensive testing of pesticide active ingredients before
they are registered. Any endocrine-related effects would probably be detected
during this testing.

Among the thousands of other chemicals used every day, relatively few have been
tested as thoroughly as pesticides (39). Industry, government, and environmental
groups are working together to come up with a practical and scientifically valid
way to screen chemicals for endocrine disruption potential and conduct follow-up
testing if needed. Currently there are no generally accepted, validated methods to
screen chemicals for possible hormonal activity that might lead to adverse health
effects because the endocrine system is so complex. However, rapid progress is
being made.

In cases where hormonal activity is detected in a simple screening test there is no
proof that a chemical is harmful; such a finding indicates the need for further
testing using more complex methods (35).

Finally, the risk to humans or to wildlife involves comparing the hazard and
potency to the levels actually found in the environment. This type of evaluation
has been heavily influenced by lists of endocrine disrupting chemicals that do not
consider exposure or potency (2, 40). However, complete safety assessment and
regulatory action must consider exposure to hormonally active agents, which must
be studied in various environmental media to fully characterize the risks of these
agents.

Dose-Response Models, Synergism, and Threshold. An area of hot debate is
how the dose response of hormonally active agents should be modeled (41-42).
The questions are as follows: Is there a threshold for hormone-receptor mediated
responses? Is the dose response curve fundamentally different than for other
toxicants? Are responses common at levels below the conventionally determined
no-observed-adverse-effectlevel (NOAEL)? How do plasma binding proteins
affect the dose response curve?

Major controversy exists regarding whether the addition of a hormonally active
chemical will automatically add to an endogenous response. To date, regulators
have treated hormonally active agents as having to reach a threshold response
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before a biological or adverse effect would be observed, and they appear to be
holding to that position at this time (43). However, other investigators hold the
view that, because the endocrine system is already “turned on,” any additional
hormone will increase the background response (42). However, it has been argued
that such a view is only supported if the ligand is the natural hormone because the
uptake, metabolism, receptor binding, and antagonism are different for each ligand
(41).

It has also been reported that high-dose toxicology studies have the potential to
miss effects because the dose selection may overshoot low level effects. Changes
in prostate weight were observed at low prenatal doses of DES and bisphenol A,
which disappeared at higher levels, as the prostate first increased, then decreased
in weight (44). Those studies, however, were conducted on small group sizes (n
= 6), and histopathology was not reported, which could have explained why the
organ weight increased and then decreased. The research is currently being
repeated by other investigators.

Studies on synergism that were published with considerable fanfare (45)
demonstrate the importance that such critical work be verified and repeated. The
original publication described a combination of pesticides and reported a 1,600-
fold greater-than-expected response for hormone binding and in vitro response in a
yeast cell assay. The work was especially surprising because of the magnitude of
the reported synergism, and the finding that two similar chemicals could cause
such an extraordinary response. It is more typical to see a synergistic response
when a target is hit from two different modes of action that enhance each other.
However, subsequent attempts by other laboratories to repeat the work failed (46-
47). Ultimately, the original authors acknowledged that the work was flawed and
withdrew their paper (48). At this point, it is generally assumed that multiple
chemical interactions will either be antagonistic, or additive, but they are unlikely
to be significantly more than additive.

Conclusion. A great deal of media and scientific attention is being paid to the
issue of endocrine disruption.  Significant scientific issues continue to be
researched, while the U.S. EPA is developing a screening system, as required by
the U.S. Congress. The testing program that has been proposed by the EDSTAC
will undergo a validation program that may lead to significant changes in the
design of the testing program.

As currently designed, the program will first evaluate whether or not the chemicals
have inherent hormonal activity. Priorities will then be set for further testing and
risk assessment. The T2T testing designs will include endpoints that are sensitive
to endocrine and nonendocrine mechanisms of action. Therefore, adverse effects
that are unrelated to endocrine disruption may be used for setting safe levels.

It is important to note that positive findings may not be appropriate to label a
chemical as an “endocrine disruptor” because the adverse effects may be from
another mechanism. However, such an approach should ultimately lead to greater
confidence in the safety assessment process.
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Chapter 5

Aggregate and Cumulative Exposure
and Risk Assessment

Charles B. Breckenridge !, Robert L. Sielken, Jr. %, and James T. Stevens 1

? Sielken, Inc., 3833 Texas Avenue, Bryan, TX 77802

Interest in methodology for assessing the probability of exposure
to a single chemical arising from multiple pathways (e.g. diet,
water, residential) or to multiple chemicals having the same
mechanism of toxicity has increased since the Food Quality
Protection Act became law in 1996. Use of probability
distributions to characterize exposure make it possible for 1) the
continuum of data from the largest to the smallest values to be
expressed, 2) the relative likelihood of occurrence to be
described, 3) the uncertainty for each component to be reflected
and for 4) the individual variability in the population to be
captured. Exposure can be aggregated in a mathematically
correct way and be characterized relative to benchmarks of
toxicity such as the NOEL, the RfD, the ED or an upper bound
cancer potency estimate (Q;*). Using these procedures, the risk
manager can determine the probability that exposure is less than
or equal to an acceptable daily dose for the whole population or
a selected subpopulation.
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The Food Quality Protection Act (1) now mandates that the US Environmental
Protection Agency consider the aggregate exposure and the associated risk of
single chemical exposure arising from multiple sources (i.e. diet, water and non-
occupational sources) and route (i.e. oral, dermal, inhalation). Furthermore,
when two or more chemicals share a common mechanism of toxicity, then the
cumulative dose from exposure to these chemicals must be estimated. In this
paper a three-tier assessment approach is proposed. Tier 1 uses default
assumptions and single point (deterministic) estimates of exposure, hazard and
risk employing procedures routinely used by EPA and the crop protection
industry (2). In Tier 2, combinations of deterministic and probabilistic
(distributional) data are used, while Tier 3 assessments rely predominantly on
distributional data.

Significant routes of exposure

In conducting an aggregate risk assessment for pesticides, three primary routes
of exposure should be considered: oral ingestion, dermal absorption and
inhalation. Ingestion includes dietary intake as well as the consumption of
drinking water. Dermal exposure is primarily limited to dermal contact
following the agronomic and residential use of pesticides, while inhalation
exposure includes the breathing of volatile and nonvolatile constituents (dust) of
pesticides either during or after residential use.

Exposure from Ingestion

Procedures for estimating exposure to pesticides from dietary sources have been
developed by the EPA (3) (Dietary Residue Exposure System; DRES) and have
provided the basis for past tolerance-setting decisions. Chronic dietary exposure
to a pesticide is calculated by assuming that pesticide residues on food exist at
tolerance levels, or at more realistic anticipated residue levels. Refinements to
the analysis may take into account information on market share, food processing
factors and studies that define the transfer of residues in fed commodities to
milk, meat and eggs.

New guidance has been developed by EPA to assess the magnitude of
pesticide exposure from food ingested during a single day (4). The single
highest residue value, the average residue, the 95™ percentile of a residue
distribution, or the entire distribution of residues are used to derive a distribution
of pesticide exposure for a sample population identified in the USDA continuing
food intake survey for individuals (5).

An assessment of pesticide exposure from drinking water is less well
developed. According to guidance established in the Primary Drinking Water
Standard (6), EPA has set MCL’s (maximum contaminant levels) or MCLG’s
(maximum contaminant level goals) for selected pesticides. Traditionally, 20%
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of the acceptable daily intake of a pesticide is allocated to drinking water based
on a daily water consumption of 2 liters for adults. Under the Food Quality
Protection Act this general rule of thumb has been reconsidered such that Tier 1
analyses rely on the predicted concentration of pesticide residues in groundwater
(7) or surface water (8). Refinements of these models have been proposed (9),
and it has been suggested that higher tier analysis be based upon water
monitoring data (10).

Dermal Exposure

The Food Quality Protection Act mandates that exposure from residential
sources be combined with exposure from ingestion. It is expected that a fraction
of residential exposure will result from dermal exposure secondary to indoor or
outdoor residential pesticide application. The Outdoor Residential Exposure
Task Force (11) has been organized to develop a database which will include
exposure data for individuals applying pesticides to turf and subsequently re-
entering the treated area as well as for bystanders that may enter the treated area
at various time intervals post-application. A similar task force has been
commissioned by industry to develop data that can be used to characterize
pesticide exposure resulting from pesticide use in and around the home.

Inhalation Exposure

In most cases, the inhalation of pesticides is a minor route of exposure.
Residential treatments are usually applied outside the home and the dilution in
the atmosphere results in minimal opportunity for significant inhalation
exposure. The exception to this is the use of pesticides in confined spaces such
as termite treatment and fogging uses.

Decision Logic for Assessing Aggregate and Cumulative Exposure

Prior to the conduct of an aggregate risk assessment, it is recommended that the
decision logic presented in Flow Chart 1 be used to determine potential exposure
sources. Thus pesticide exposure from drinking water should be included in the
Tier 1 screen if high solubility or mobility or low rates of environmental
degradation suggest that the chemical may be found in drinking water sources.
Likewise, an evaluation of dietary exposure should be considered if tolerances
are required or residues on food are anticipated to be detected at quantifiable
levels. Exposure from non-occupational exposure sources may be included in
the Tier 1 screen if either outdoor or indoor residential uses are proposed.

An aggregate assessment for a single pesticide may be required if
concomitant exposure from multiple sources is expected and a cumulative
exposure assessment for two or more pesticides would be necessary if they meet
the criteria of having a common mechanism of toxicity.
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AGGREGATE EXPOSURE/RISK ASSESSMENT
Definitions

Deterministic Estimate: Comprised of an estimate or upper bound estimate of
the population mean (arithmetic or geometric), median, or percentile of
exposure, hazard or risk.

Probability Distribution: Comprised of a distribution of values that define the
magnitude of the exposure, hazard or risk. Each value is associated with a
probability of occurrence.

Aggregate Exposure: Defined as the concurrent exposure to a single pesticide
arising from multiple sources or routes. Aggregate exposure to a pesticide is
calculated for the individual based upon exposure during a single day or the
average daily exposure occurring over different durations of time including an
estimate of the average lifetime daily dose. A distribution of such individual
dose estimates can be constructed such that the probability that an individual
might receive a specific dose can be determined.

Cumulative Exposure: Defined as the concurrent exposure to two or more
pesticide residues or their metabolites. As with the aggregate exposure
estimates, the cumulative exposure of an individual to multichemical pesticide
residues may be based on the estimated dose occurring on a single day or on the
average daily dose calculated over various durations of time up to and including
the average lifetime daily dose. Cumulative exposure estimates can be
represented either deterministically or probabilistically.

Acceptable Daily Dose: Defined as the mg/kg/day dose that is generally
regarded as safe. The acceptable daily dose may be established for toxicity
endpoints derived from acute, subchronic or chronic toxicity studies. Examples
of acceptable daily doses that are either currently in use or proposed include the
RfD (Reference Dose), and the VSD (Virtually Safe Dose or Risk Specific Dose
(RSD); the dose that would lead to an added risk of 1 in a million).

Benchmark Dose: The benchmark dose is the dose that has no toxicological
effect. The no observed effect level (NOEL), the no observed adverse effect
level (NOAEL) and the ED;o (Dose that results in a 10% increase in the
probablity of a response) and the LED;o (lower 95% confidence limits on the
ED,¢) are benchmark doses.

Uncertainty Factor: In a deterministic risk assessment, the benchmark dose
derived from a suitable toxicity study is divided by the uncertainty factor to
obtain the acceptable daily dose.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
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Percentile of the Risk Distribution: In a probabilistic risk assessment, a
specific percentile of the risk distribution defines an acceptable level of risk.

Risk Allocation: Represents the proportion or percent of the reference dose that
is taken up by a single exposure source in a multi-source risk analysis or by a
single chemical in a multi-chemical risk analysis. For cancer risk analysis this
may be expressed as added cancer risk.

Margin of Exposure: Defined as the ratio of the no observed effect level to
exposure; this is called a margin of safety if an RfD is used in the numerator.

Margin of Exposure (MOE) = Benchmark Dose (NOEL, ED,q)
Exposure

Hazard Index: The hazard index is defined as the ratio of the reference dose
(RfD) to exposure as follows:

Hazard Index (HI) = Exposure
RfD

Hazard indices greater than 1 are generally considered unacceptable. When
HI = 1, the margin of exposure is the same magnitude as the uncertainty factor
used to define the reference dose (RfD).

Toxicity Equivalency Factor:

For chemicals with a common mechanism of toxicity, it may be necessary to
account for differences in relative potency in order to combine risks together in
an appropriate manner. The EPA has used upper bound estimates of
carcinogenic potency (Q;*) for genotoxic carcinogens and Toxicity Equivalency
Factors (TEF’s) have been used for non-cancer endpoints as defined below:

TEF, = NOELgc + NOEL,

The toxic equivalency of chemicals sharing a common mechanism is expressed
relative to a reference chemical (RC) in the class. An ED could equally well
be used to standardize the potency of the chemicals in the class relative to that of
the selected reference chemical.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
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Rationale for Using a Tier Approach

A tier approach is recommended for evaluating aggregate exposure and risk for a
single pesticide arising from multiple sources or for a class of pesticides that
share a common mechanism of toxicity.

The primary reasons for recommending a tier approach are:

I. A screening level analysis (Tier 1) permit regulatory decision-making for the
majority of cases while consuming relatively few resources.

2. Options are available for higher tier analysis in case Tier 1 fails. Tier 2
analyses use both deterministic and probabilistic methods while Tier 3
assessments rely primarily on probabilistic techniques.

3. In cases where sufficient hazard and exposure data already exist, higher tier
assessments utilizing distributional analyses may be conducted to provide a
more realistic assessment of exposure and risk in selected populations.
Variability in the data and the uncertainty in inferences concerning exposure
and risk to man are more apparent in such analyses because the probability of
being exposed at specified doses can be estimated.

Multi-Tier Risk Assessment

Probabilistic methods require extensive hazard and exposure data that are often
not readily available. In order to efficiently use scientific resources, the simpler
Tier 1 screening method currently may be used for a preliminary assessment. By
conducting sensitivity analyses, exposure, hazard and dose factors that are likely
to make significant contributions to risk can be identified and research can be
more effectively prioritized. Table 1 provides a list of factors commonly used in
assessing the risk from exposure to pesticides arising from diet, water and non-
occupational pathways. A more detailed listing of such factors and the values
commonly assigned to them can be found in The Exposure Factors Handbook
(12) developed and published by the EPA and The Exposure Factors
Sourcebook (13) published by the American Industrial Health Council.

Tier 1 analyses of the risk due to exposure to a pesticide from diet, water
and non-occupational sources can be calculated by using constants for the
parameters listed in Table 1. This table does not list all parameters that might be
utilized in a comprehensive risk assessment, only a representative few that are
frequently encountered. Sensitivity analyses can be conducted using the Monte
Carlo simulation method to determine the effect on the calculated risk when
these parameters take on different values or distributional characteristics. Thus,
the parameters that are thought to significantly impact risk can be identified and
data can be collected for a higher tier analysis if the chemical fails to pass the
Tier 1 screen.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
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Table 1 — Typical Exposure, Dose and Risk Assessment Factors

Exposure Factors

Residue Level

Diet: ( X, Tolerance)
Water: (MCL)

Residue Distribution

Market Share Constant (100%) Variable (Year, Region)
Food Intake Mean (DRES) - Distribution
Water Intake Constant (2 liters/day) Distribution
Exposure Duration Continuous (Daily) Pop. Linked Distribution
Population Linked Constant (100% Link to Population
Dislodgeable Residue Constant (100%) Distribution
o Turf
o _Residential
Penetration Factors
o Clothing/Type Constant (80%) Distribution
o Dermal Constant (100%) Experimentally Determined
Use Pattern -
o Duration Constant (Daily)
o Frequency Constant (Daily) Distribution
Reentry Interval Constant (Specific)
Population Linked Constant (100% Link to Population
Body Weight Constant (70 kg) Distribution
Body Surface Area | Constant (21,110 cm?) Wt.-Dependent Variable
Respiration Rate Constant (29 I/min) - Distribution
Dose Scaling Factor Constant (B. W)™ Physiologically-Based
Metabolism No Metabolism Pharmacokinetic Model
Benchmark Dose Constant - Distribution
o RfD (Chemical Specific) (Chemical Specific)
) ED")] LED]o
Relative Potency Constant Distribution
o Q* (Chemical Specific) (Chemical Specific)

o TEF’s

"~ Conditional
Probability
o Multi-source

[ Multi-chemical )

Health Standard

tile

(e.g. 10, 100, 1000)

. se Sy actor -

Us erntile of istri. i
(e.g. 95™ percentile)
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Exposure Factors: Diet and Water
Residue Level in Diet

Single chemical field trials conducted at maximum use rates and the shortest
post-harvest interval are used in a Tier 1 analysis to establish the maximum
residue of a pesticide appearing on each commodity. If no residues are found,
then the tolerance is typically set at twice the limit of quantification for the
analytical method. The tolerance or the anticipated residue level of the pesticide
on the food commodity is used by the Dietary Residue Exposure System (DRES)
program (3) to calculate the combined maximum exposure to a single chemical
from all dietary sources. The chronic analysis links exposure to population, but
in Tier 1 it is assumed that 100% of the entire population or subpopulation will
be exposed to the pesticide at the mean value on a daily basis.

In higher tier analyses, distributional analysis of food consumption data
can be obtained from the USDA food consumption data in the Continuing
Survey of Intake by Individuals (CSFII) (USDA, 1989 -1992, 1994 - 1996).
Physiological and demographic data such as gender, age, self-reported height
and weight, ethnicity, pregnancy and lactation status, and household information
permits an assessment of food consumption by specific population groups of
interest. These food consumption data can be multiplied by single residue
values (i.e., the mean residue value) or a distribution of measured residues or
anticipated values for each food to calculate daily exposure. The residue data
may come from 1) field trial studies, 2) market basket surveys conducted by the
registrant, or 3) state and federal monitoring programs.

Residue Levels in Water

In the past, the EPA Office of Drinking Water allocated 20% of the reference
dose of a chemical to water. The Maximum Contaminant Level (MCL) was
calculated using a 100, 300 or 1000-fold safety factor depending on the quality
of the hazard data and the carcinogenic classification (6). Higher tier analysis
may be conducted using distributions of actual residues appearing in ground and
surface water. Exposure may be linked to populations by using data collected
under the Safe Drinking Water Act (10).

Market Share

Tier 1 analysis assumes that 100% of the crop is treated and residues appear at
the tolerance or anticipated residue levels for all commodities having a
published tolerance. In higher tier analyses, the percent of crop treated could be
based on information supplied by the Office of Pesticide Programs Biological
and Economic Analysis Division or by independent pesticide use surveys such as
those provided by Doane Market Research, Inc. (14). Since use patterns may

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
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change from year to year, distributions of these uses can be constructed. It is
expected that this rarely will be necessary.

Exposure Frequency and Duration

When chronic toxicity or oncogenicity endpoints are being considered, it is often
assumed in Tier 1 risk analysis that exposure to pesticides via diet and water is
not dependent upon differences between regions of the country. In higher tier
analyses, however, it may be necessary to identify certain population subgroups
that are not mobile and consume a regional diet or use a regional water supply
throughout a large portion of their life.

In addition to chronic exposure, the Food Quality Protection Act requires
that acute dietary risk analyses also be conducted with particular focus on risk to
infants and children. For this purpose, exposure is expressed as a percent of the
acceptable daily dose based on acute toxicity, developmental toxicity or
subchronic toxicity endpoints. Tier 1 analyses may be performed for infants and
children based upon tolerances. If a higher tier analysis is required, then
distributional food intake and residue data may be used.

Population Linked Exposure

Tier 1 risk analysis assumes that the calculated risks are relevant to the entire
U.S. population or to its subgroups, irrespective of geography. In higher tier
assessments it may be necessary to determine exposure for subcomponents of
the national or the regional population. Such an assessment would then be
population-linked and distributions of exposure derived would be population-
weighted using Monte Carlo simulation.

Exposure Factors: Non-Occupational

Turf: In Tier 1 risk analyses, exposure and internal dose are typically calculated
using pesticide application rate information and default values for dislodgeable
residues and dermal penetration. In higher-tier analyses, surrogate data from
exposure studies conducted on other pesticides or chemical-specific information
may be used to obtain average estimates of exposure and dose or distributions of
these parameters. Higher tier exposure and risk analyses may also require the
use of time series analysis of exposure based on a calendar-year, especially when
evaluating acute or subchronic toxicity endpoints.

The Pesticide Handlers Exposure Database (PHED) has been used
effectively by the EPA to characterize occupational exposure (15). Although the
primary focus of the PHED database is that of the agricultural worker, the
Outdoor Residential Exposure Task Force (11) is presently developing a similar,
more pertinent database for outdoor residential uses. When this database is
complete it will include exposure data for individuals applying pesticides to turf
and subsequently re-entering the treated area, as well as for bystanders that may
enter the treated area at various time intervals post-application. It is expected

In Pesticides: Managing Risks and Optimizing Benefits; Ragsdale, N., et d.;
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that the exposure information in the database will be subdivided according to
application methodology/formulation type, and data quality, as has been done in
the PHED database.

Indoor Residential: Exposure to pesticide formulations may be estimated
either by collecting environmental samples consisting of the measurement of air
and surface residues during and following an application, or the use of personal
dosimetry or biological monitoring data. Various techniques for the evaluation
of both primary and secondary exposures are discussed in detail in EPA’s
Pesticide Assessment Guideline, Subdivisions U (15) and K (16), respectively.
Unfortunately, surrogate data on indoor pesticide uses have not been compiled
so that conducting even a Tier 1 analysis is difficult at this time.

Higher tier exposure and risk analyses will often use time series analysis
of exposure based on a calendar-year, especially when evaluating acute or
subchronic toxicity endpoints. Such models provide more realistic assessment
of exposures because it is unlikely that a person will be maximally exposed to
more than one chemical. Monte Carlo simulation techniques are used to derive
the combined exposure distributions that are weighted by the probability of
exposure occurring on a given day of the year.

Penetration Factors

Tier 1 analysis typically make default assumptions about clothing barrier factors
and dermal penetration. Higher tier analyses require the collection of chemical-
specific data expressed either as point estimates or as distributions. In both
analyses, the calculated internal dose is critically dependent on exposure
duration, the degree to which the chemical penetrates protective clothing and the
magnitude of dermal absorption.

Use Pattern

In Tier 1 analysis exposure is typically calculated on a daily basis and compared
to an acute or subchronic toxicity endpoint. Higher tier analyses of the combined
exposure to two or more chemicals requires information on market share,
frequency of application, and the amount of each pesticide used on a seasonal
basis, as well as details on reentry time. Generally, studies must be designed to
collect residues for several days post-treatment in order to be able to estimate
exposures on not only the day of application, but for subsequent days as well.

Population Linked Exposure

An evaluation of risk associated with multiple chemical use requires higher tier
analyses that take into account the probability of exposure to each chemical
either alone or together. In some cases it may be necessary to conduct a time
series analysis of episodic events that are superimposed on a background of
chronic exposure arising from agricultural uses.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
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Dose Factors

In Tier 1 risk analyses, the EPA generally uses a set of default values for
physiological parameters that affect dose calculations (12). Sensitivity analyses
can be performed to determine which, if any, of these parameters significantly
impact risk calculations. When there are sufficient data available on absorption,
metabolism, distribution and excretion in animals and in humans, then
physiological-based pharmacokinetic models may be used to scale calculations
of the internal dose in animals to man.

Risk Factors

The use of single point estimates of dose or potency in Tier 1 risk assessment
have become so commonplace that these values are often treated as if they were
population parameters rather than sample estimates that have distributions. In
higher tier risk assessments, distributions of reference doses (RfD, EDjg) or
cancer potency estimates may be constructed using Monte Carlo simulation
techniques to calculate risk.

Additivity Factors

In Tier 1 risk analyses, it is conservatively assumed that the conditional
probability of exposure to a chemical via multiple pathways is one (i.e. the
consumer will be exposed daily to chemical A from all specified sources or daily
to Chemical A and B in the multi-chemical scenario). Higher tier risk
assessments may use market surveys to determine the conditional probability of
exposure from multiple sources or to multiple chemicals.

Safety Factors vs. Percentiles of Probability Distributions

Tier 1 risk analyses typically use worst case (i.e. upper bound) estimates of
exposure and worst case (i.e. upper bound) estimates of hazard or potency to
arrive at the most conservative estimate of risk. For toxicity endpoints that have
biological thresholds, safety factors ranging from 10 to 1000 are often utilized to
take into account the quality of the scientific data as well as intraspecies and
interspecies variability.

Higher tier analyses have the benefit of retaining information on the
variability associated with the exposure, hazard and risk to the end of the
analysis. This technique allows the risk manager to identify the probability of
exposure occurring at doses less than or equal to an acceptable daily dose and
the magnitude of the variability in the risk distribution for the whole population
or selected subpopulations. Acceptable levels of exposure and risk therefore can
be established to conform to an acceptable safety standard stated as a percentile
of the risk distribution instead of using default safety factors.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
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AGGREGATE EXPOSURE/RISK ASSESSMENT METHODS
Criteria for Conducting Aggregate Exposure/Risk Assessments
An aggregate risk assessment for a single chemical should be conducted if:

e Exposure to the pesticide occurs via more than one source or
e Simultaneous exposure to a chemical from multiple sources is anticipated to
occur in the exposure time-frame (i.e. acute, subchronic, chronic).

Criteria for Conducting Cumulative Exposure/Risk Assessments
A cumulative exposure/risk assessment should be conducted if:

e The criteria of a common mechanism of toxicity have been met and
¢ Simultaneous exposure to multiple chemicals is anticipated to occur in the
exposure time-frame (i.e. acute, subchronic, chronic).

A common mechanism of toxicity for two or more chemicals may exist when:

e The toxic response produced by the chemicals are initiated by essentially the
same sequence of major biochemical events;

e There is a common target or organ system;

e The dose response-curves based on the biologically effective dose are
parallel;

o Differences in potency between chemicals are reflected as shifts in baseline
of the biological effective dose-response function rather than changes in
slopes; and the

e Effects of two or more chemicals are additive.

Probabilistic (Distributional) Risk Assessment

Risk assessments conducted by the EPA largely have been deterministic in
nature since they have used single point estimates to characterize hazard,
exposure and risk. The uncertainty introduced by using point estimates (whether
an average or upper bound estimate like Q;*) increases with the number of
variables used to calculate the estimates (18). The use of distributional methods
have been recommended by the National Research Council (19) for the
estimation of dietary intake of pesticides and by the EPA (20) for assessments of
exposures by all routes. This section illustrates how a distributional analyses can
be used to address the requirements for multi-source and multi-chemical
exposure and risk characterization.

Distributional analyses using Monte Carlo simulation provide a
scientifically defensible methodology for combining multiple exposure sources
(diet, water, non-occupational sources) arising from one or more chemicals.
Briefly, the technique involves constructing probability distributions of the daily
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dose arising from each exposure source separately for one pesticide (Chemical
A) and combining these distributions together to obtain a composite dose
distribution (Figure 1). The distribution of the daily dose from exposure to
Chemical A is calculated as a percentage of the RfD (Figure 1); a proportion of
the RfD (i.e. Hazard Index = Exposure + RfD , or 3 as a distribution of the
margin of exposure where the MOE = NOEL or (EDy¢) + Exposure (Figure 2).

The distribution of this reference ratio or a percentile thereof is then
judged against a safety standard in order to reach a risk management decision for
Chemical A.

A similar analysis can be conducted for a second pesticide (Chemical B)
and the separate probability distributions of the reference ratios for Chemicals A
and B can be combined even if there are differences in relative potencies of each
chemical. The composite exposure distributions for Chemicals A and B can be
combined only after taking into account the probability that joint exposure to
both chemicals will occur on a single day. The distribution for each chemical is
then multiplied by the appropriate toxicity equivalency factor for each chemical
and distributions are combined as illustrated in Figure 3.

Cumulative Risk Assessment: How to Add

Toxicity Equivalency Factors

The mathematical combination of the dose for two of more chemicals that share
a common mechanism of toxicity depend on establishing a common ground for
comparison. The toxicity equivalency factor adjusts the concurrent daily dose
from exposure for each chemical relative to its potency according to the
following equation:

Total Dose = (D, x TEF,) + (D, x TEFp) + (D; x TEF;)

This method can be implemented by using Monte Carlo simulation to keep track
of the concurrent daily dose arising from multiple pathways for two or more
chemicals. These dose fractions are then multiplied by the TEF unique to each
chemical to arrive at standardized doses that are then summed to give the
individual’s cumulative daily dose. The distribution of the individual
cumulative doses can be plotted and the resulting distribution can be judged
against a benchmark of acceptable risk. Information on variability is retained
right up to the last step, and the risk manager can evaluate the magnitude of the
overall variability and uncertainty.

Implicit in the TEF method is the assumption that the relative potency of
the chemicals being compared is based on a common measure of toxicity clearly
tied to the common mode of action for members of the class. If the response
measures are not comparable or well understood, then the assumption of a
common mechanism may be invalid. This would be true especially if it was
believed necessary to apply different uncertainty factors to different chemicals in
the class.
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Margin of Exposure
The margin of exposure is defined as a ratio of the NOEL or EDy to the

exposure. For chemicals with a common mechanism the combined MOE is
defined as:

MOET = 1

(1/MOEy) + 1/MOE p) + (1/MOE )

This approach has the advantage in that the MOE is defined for each chemical
by its own NOEL. Ideally, because the MOE’s will be added in the manner
indicated above, the NOEL for compounds sharing a common mechanism will
be based upon the same toxicity endpoint or biochemical surrogate, evaluated in
the same species by the same route of administration and for the same duration
of exposure. Experimental error in accurately defining the NOEL can be
controlled by standardizing the magnitude of response across studies by using
the best estimate of the ED;.

Hazard Index

The method for combining Hazard Indices (HIr) for chemical that share a
common mechanism is done according to the following equation:

Hly = Exposure, ., Exposure;, ; Exposure;
RfD, RfD}, RID;

This method is acceptable as long as the RfD for each chemical is based upon
similar studies and the same uncertainty factors are employed. When the studies
or the uncertainty factors used in determining the RfD are different, then
combining the hazard indices is not desirable because the risk manager cannot
separate uncertainty from variability in the final risk distribution.

Standardization of Toxicity Endpoint Selection

The Environmental Working Group published a report (21) where they evaluated
the acute dietary risk of 13 organophosphorus insecticides using references doses
that were established by the EPA based on a variety of different species, and
treatment durations. The data are reproduced in Table 2.
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Table 2 - Summary of Reference Doses Cited in the EWG Report (22)

Chemical Study Type | Cholinesterase | Uncertainty | Ref. Dose
Endpoint* Factor (mg/kg/day)

Acephate 90-Day Rat P 100 0.0012
Azinphos 1-Year Dog RBC 100 0.0015

methyl
Chlorpyriphos | 28-Day Human P 100 0.0003
Diazinon 48-Day Human P 30 0.0007
Dichlorvos 1-Year Dog P,RBC, B 300 0.00017
Dimethoate 2-Year Rat RBC 100 0.0005
Ethion Human P 100 0.0005
Malathion 2-Year Rat P, RBC 100 0.04
Methamidophos | 8-Week Rat --- 100 0.001
Methidathion 1-Year Dog P,RBC, B 100 0.0015
Methyl 2-Year Rat P,RBC,B 1000 0.00002

Parathion
Phosmet 2-Year Rat P,RBC, B 300 0.003
Pirimphos 56-Day Human P 3000 0.00008

methyl

* P =Plasma, RBC = Red Blood Cell, B = Brain

This approach fails to differentiate between hazard and uncertainty and
inappropriately portrays the risks attributed to dietary exposure as real. As the
uncertainty factors range from 30 to 3000, the reference doses are probably only
weakly related to acute toxicity. In Table 3, the 13 chemicals were ranked in an
increasing order according to their oral LDsy. Although, the correlation

coefficient between the LDsg and the reference dose was 0.90, Figure 5 shows
that there are some notable outliers where the use of a large uncertainty factor
artificially skewed the chronic reference doses (e.g. primiphos methyl).

To evaluate the cumulative risk associated with organophosporus pesticide
exposure, the EWG converted the reference doses for each compound to
chlorpyrifos equivalents as summarized in Table 4. The use of a toxicity
equivalency factor is not suitable in this case because the hazard endpoint, the
study type, the species evaluated and the uncertainty factor are different for each
chemical. Furthermore, because none of the studies were based on an acute
toxicity measure, these benchmark doses cannot be used in an acute dietary risk
assessment.
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LDsg
Chemical Study Type Uncertainty | Ref. Dose LD50
Factor (mg/kg/day) | (mg/kg)
Azinphos methyl 1-Year Dog 100 0.0015 4
Methyl Parathion 2-Year Rat 1000 0.00002 6
Methamidophos 8-Week Rat 100 0.001 16
Ethion Human 100 0.0005 21
Methidathion 1-Year Dog 100 0.0015 44
Dichlorvos 1-Year Dog 300 0.00017 46
Chlorpyriphos 28-Day Human 100 0.0003 96
Phosmet 2-Year Rat 300 0.003 147
Dimethoate 2-Year Rat 100 0.0005 235
Acephate 90-Day Rat 100 0.0012 1030
Diazinon 48-Day Human 30 0.0007 1250
Pirimiphos methyl | 56-Day Human 3000 0.00008 2050
Malathion 2-Year Rat 100 0.04 5500
Table 4: Chlorpyrifos Equivalent Doses'
Chemical Study Type | Uncertainty | Ref. Dose | Chlorpyrifos
Factor (mg/kg/day) | Equivalents
Methyl Parathion 2-Year Rat 1000 0.00002 15.00
Pirimiphos methyl | 56-Day Human 3000 0.00008 3.750
Dichlorvos 1-Year Dog 300 0.00017 1.765
Chlorpyriphos 28-Day Human 100 0.0003 1.000
Ethion Human 100 0.0005 0.600
Dimethoate 2-Year Rat 100 0.0005 0.600
Diazinon 34-Day Human 30 0.0007 ~ 0.429
Methamidophos 8-Week Rat 100 0.001 0.300
Acephate 90-Day Rat 100 0.0012 0.250
Azinphos methyl 1-Year Dog 100 0.0015 0.200
Methidathion 1-Year Dog 100 0.0015 0.200
Phosmet 2-Year Rat 300 0.003 0.100
Malathion 2-Year Rat 100 0.04 0.008
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In Table 5 the no observed effect levels (NOEL) derived from a repeat dose
study in female Sprague-Dawley rats are compared to the NOEL obtained
following a single exposure to either diazinon or methidathion. The results
indicate that

)] The NOEL based on plasma cholinesterase activity following acute
exposure were 12.5 to 16.7 times greater than the NOEL derived from
repeat dose studies in the same species;

) The NOEL based on RBC cholinesterase activity following acute
exposure were 7 (methidathion) to 125 (diazinon) times greater than the
corresponding NOEL from the repeat dose study;

Table 5 illustrates the importance of selecting an appropriate benchmark of
toxicity when conducting a cumulative risk assessment. Table 6 shows that even
when the species and sex, the response measure and the study duration are
identical for two chemical, variability in the precision with which the NOEL are
defined, can be problematic in a cumulative risk assessment. In Table 6, the
magnitude of the response was standardized for each chemical by defining the
ED\ as that dose that resulted in a 10% shift of the distribution of cholinesterase
activity away from the mean of the control distribution (Figure 5). Using this
definition, the EDyo fell between the statistically significant effect and the no
effect level as shown in Table 7.

Table 5: Comparison of the Acute and Subchronic LDsy & NOEL (mg/kg)
For Diazinon & Methidathion in the Female Rats

Chemical: Diazinon Methidathion
Duration of Treatment: 1 Day 28 Days 1 Day 28 Days
LDy >250 - >10
LDsg 1005 -- 44 -
Plasma AChE 0.25 0.02 2.5 0.15
RBC AChE 2.5 0.02 1.0 0.15
Brain AChE 10 2.3 1.0 0.15
Clinical Signs/FOB 25 23 1.0 0.15

Table 6: Comparison of the Acute NOELs (mg/kg) with the
ED)¢ (mg/kg) for Diazinon & Methidathion in the Female Rats
Chemical: Diazinon Methidathion
Duration of Treatment: NOEL EDjp NOEL EDyo
Plasma AchE 0.25 0.6 2.5 4.1
RBC AchE 2.5 2.8 1.0 1.6
Brain AchE 10 18.7 1.0 1.0
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Table 7: Comparison of the No Observed Effect Level to the ED( for Diazinon

Male Rats Female Rats
Dose Mean Cholinesterase Activity Dose Mean Cholinesterase Activity
(mg/kg) (Mmol/ml) (mg/kg) (Mmol/ml
Plasma RBC Brain Plasma RBC Brain
0

249 944 899 0 991 1224 749

0.05
253 967 938 0.05 738 1014 699

0.5
232 956 738 0.12 1070 1084 832

1.0
255 968 744 0.25 855 1131 694

* Statistically significantly different from the control group (p< 0.05)
AN AGGREGATE EXPOSURE ASSESSMENT EXAMPLE

EPA has proposed using environmental fate models as a preliminary screen to
predict the maximum amounts of a pesticide that might reach ground (7) or
surface water (8, 22) following agricultural use. A higher tier model has been
developed to predict the concentration of pesticide residues that might appear in
surface water residues based upon monitoring data (9). A higher tier
distributional analysis of residues of the herbicide atrazine in ground and surface
water has been conducted (10) using drinking water monitoring data collected
under the Safe Drinking Water Act (23). For the purposes of illustration, the
results from multiple tiers are compared in Table 8 and the Tier 3 distributional
analyses are presented graphically in Figures 6 & 7. The results indicate that
Tier 1 environmental fate models are extremely conservative. Exposure
assessment based upon monitoring data for a specific chemical are more realistic
and have been validated in Tier 3 analyses based on annual monitoring data
collected under the Safe Drinking Water Act.
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Table 8: Tier 1, Tier 2 and Tier 3 Estimates of Atrazine Concentration (ppb)
in Ground and Surface Water** following Use on Corn

Tier Assessment Surface Water Ground Water
1
GENEEC* SCI-GROW
Screening Models | Peak Concentration = 108 ppb 7.9 ppb
Day 56 Conc. = 97.7 ppb
2
Model based on SWMI -

Monitoring Data 95" Percentile = 10.9 ppb

3

Population-Linked % Non-Detects = 69%*** % Non-Detects = 97%***
Monitoring Data No. Assessed = 75.6 MM No. Assessed =49.2 MM
for 21 States 95" Percentile = 2.1 ppb 95" Percentile = 0.5 ppb

*Assumes 2.1 pounds ai applied to corn either pre-emergence or as a split
application.
**Surface water includes blended water or water from unknown sources.
***Non-detects were substituted at one-half the limit of detection.

Figure 6 and 7 present distributional data for atrazine residues in drinking water
sources for 21 major use states (24). These data illustrate the considerable
variability in concentrations not apparent when point estimates or 95t
percentiles of distributions are used. This approach has the additional advantage
of being able to weight the results by population density and to identify
subpopulations where it may be appropriate to implement mitigation measures.

Discussion and Conclusions

The Food Quality Protection Act has focused attention on methodology for
assessing the aggregate risk associated with exposure to a single chemical from
multiple sources (i.e. diet, water and non-occupational sources) and to multiple
chemicals that have a common mechanism of toxicity. This document outlines a
risk assessment strategy that conserves resources and expedites regulatory
decision making for simple cases, but is scientifically rigorous enough to deal
with complex cases.

This paper identifies significant sources of exposure to pesticides and
provides a decision logic for determining when additional exposure data is
needed. A three-tier assessment approach is proposed; the lowest tier uses
default assumptions and single point (deterministic) estimates of exposure,
hazard and risk are employed. Tier 2 assessments utilize a combination of
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deterministic and probabilistic (distributional) data while Tier 3 assessments rely
predominantly on distributional data.

The use of probability distributions to characterize exposure and risk
make it possible to more realistically combine:

multiple years;

multiple subpopulations;
multiple exposure sources; and
multiple chemicals

Worst case, relatively improbable values do not have to be taken as representing
reality for each component. All of the information on each component of the
hazard and exposure assessment are carried through to the end instead of
requiring interim single number characterizations at different stages of
assessment.

Probability distributions can and do reflect:

the continuum of data from the smallest to the largest value of a component;
the relative likelihood of each of the values in that range;

the uncertainty associated with the measurement of each component; and
the variability from one individual to another in the population.

By using distributional data for decision making, the risk manager can

o identify the probability of exposure occurring at doses less than or equal to
an acceptable daily dose;

o define the magnitude of the variability in the risk distribution for the whole
population or selected subpopulations; and

e ensure that the proposed levels of exposure and risk conform to an
acceptable safety standard stated as a percentile of the risk distribution.

Additional work is still needed on the following tasks:

Develop guidelines for the use of default values in risk assessments;
Develop guidelines for selecting surrogate data when information is missing;
Evaluate alternate methods for conducting risk assessment, including
methods to estimate the probability of co-exposure to pesticides from
multiple sources;

e Enhance or develop reliable exposure data needed for quantifying exposure
to pesticides in the diet or in drinking water and from non-occupational
sources;

o Develop methods that more accurately link exposure to specific sub-populations;
and

o Facilitate the training of scientists and risk managers in the conduct and the
evaluation of probabilistic risk assessments.
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Chapter 6

New Science, New Processes, and New Problems:
The Food Quality Protection Act
from a State Perspective

Jean-Mari Peltier

Chief Deputy Director, California Department of Pesticide Regulation,
830 K Street, Room 307, Sacramento, CA 95814

When Congress passed the Food Quality Protection Act (FQPA) in
August 1996, it dramatically changed how pesticides are regulated in the
United States. This overview describes FQPA’s impact on how we assess risk from
dietary exposure to pesticides and, by extension, how we manage that risk. These
responsibilities underscore the need for new data and new analytical tools that can
work effectively in the post-FQPA environment.

At the outset, it should be emphasized that no criticisms are aimed at the goals
of FQPA, or at the staffers of the U.S. Environmental Protection Agency (U.S. EPA),
who are struggling mightily to keep FQPA from crushing the federal pesticide
regulatory machinery. However, there is a need for critical examination of policy
decisions being made without regard to the flexibility Congress intended for FQPA’s
critical start-up years.

BACKGROUND - California Agriculture
and the California Department of Pesticide Regulation

California has had a pesticide regulatory program for nearly one hundred
years. Our citizens--through their Legislature--have established a comprehensive
body of law to control every aspect of pesticide sales and use and to assure that we
also have the tools to assess the impacts of that use. The first pesticide-related law
was passed in this state just after the turn of the century, and since the 1960s, a whole
body of modern, increasingly science-based pesticide law and regulation has emerged.

But California's regulatory program is more than a matter of law. It is a social
imperative. California agriculture is a critical part of the state's economy. To address
the needs of a large and diverse agriculture while continuing to protect public health
and the environment requires a program designed and maintained for California’s
unique conditions.
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To provide some perspective: California farmers outproduce every state in the
nation. They grow more than 250 different crops and livestock commodities, yet no
one crop dominates the state's agricultural economy. California leads the U.S. in
production of more than 75 crops, and is the exclusive U.S. commercial producer of
almonds, artichokes, dates, figs, kiwifruit, olives, persimmons, pistachios, prunes,
raisins, and walnuts,

In 1996, California produced nearly 14 million tons of fruits and nuts and 20
million tons of vegetables--accounting for more than half of U.S. production.
California farmers and ranchers recorded cash farm receipts of almost $24.5 billion in
1996. This on-farm income generated more than $70 billion in total economic activity
throughout the state--about 9.5% of the state's total income. Nearly one-third of
California’s 100 million acres are devoted to agricultural production.

With this volume and variety of agriculture--much of it focused on high-value,
high-labor fruit, nut, and vegetable crops with their attendant pesticide use--it is not
surprising that we believe in a strong pesticide regulatory system. A strong program
protects the public and the food industry by providing accountability and credibility.
The program, which evolved under the Department of Food and Agriculture, received
departmental status in 1991 when Governor Wilson created the California
Environmental Protection Agency.

The Department of Pesticide Regulation (DPR) holds primary responsibility
for regulating all aspects of pesticide sales and use to protect the public health and
environment. Our mission is to evaluate and mitigate impacts of pesticide use,
maintain the safety of the pesticide workplace, ensure product effectiveness, and
encourage the development and use of reduced-risk pest control practices while
recognizing the need for pest management in a healthy economy.

DPR’s strict oversight begins with product evaluation and registration, and
continues through statewide licensing of commercial applicators, dealers and
consultants, local permitting and use enforcement, environmental monitoring, and
residue testing of fresh produce. The Department has an annual budget of $45 million
and a staff of about 400 persons--about a quarter of them scientists-- including more
than 30 toxicologists and more than 50 environmental scientists. Their work is
augmented by approximately 325 biologists working on local pesticide enforcement
for agricultural commissioners in the state’s 58 counties.

We have always been regulatory pioneers:

. California's first law regarding pesticides was passed in 1901, nine years
before the passage of the first federal legislation over pesticides. The law,
limited to one pesticide known as "Paris Green," an arsenical compound, dealt
only with product quality and consumer fraud.
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. In 1910, Congress passed the Federal Insecticide Act. The California
Legislature followed in 1911 with passage of a similar bill. Both laws
primarily addressed mislabeling and adulteration.

. In 1921, California took the lead with legislation that required registration of
pesticides before sale in California. This law gave the state authority to cancel
or deny registration of products found ineffective, or harmful to health or the
environment. (It would be another quarter-century before FIFRA gave federal
officials the right of premarket clearance of pesticide products.)

. We began analyzing produce for pesticide residues in 1926. This monitoring
program was designed not only to safeguard the consumer against harmful
residue levels, but also to ensure that no shipments of California fruit were
confiscated because of excess residues.

. In the 1950's, California began asking some users of agricultural pesticides--
primarily those in the business of applying pesticides--to report to the state the
amount of pesticides they used, and on what crop. In 1990, California became
the first state to require full reporting of all agricultural pesticide use, a
program made possible by California's unique system of county agricultural
commissioners.

. In the 1980's, increasing concerns about possible adverse effects of pesticides
led to the passage of legislation in California that required that chronic health
effects data on all pesticides be brought up to current standards. The state's
pesticide regulators were charged with analyzing the data and canceling any
pesticide with adverse effects that could not be mitigated. This led to the
creation of a separate Medical Toxicology Branch to evaluate toxicological
data and conduct risk characterizations.

DPR's scientific and technical expertise has won a reputation for excellence,
and it's a standard we strive to maintain. California is the only state with a regulatory
program that evaluates toxicology and other data required for pesticide registration.
Our program also conducts comprehensive risk assessments, including assessment of
dietary risk. We believe that our decisions must be based on the best science
available. Our scientists work with U.S. EPA in many areas to develop that science.

DPR AND THE FOOD QUALITY PROTECTION ACT
DPR and Harmonization with U.S. EPA

In 1994, the Department began a program to harmonize its pesticide
registration more closely with U.S. EPA. In March 1995, the two agencies signed a
memorandum of understanding to more closely coordinate the federal and California
registration programs. Harmonization goals include reducing needless duplication,
getting safer products to market faster, and more quickly removing products that
pose unacceptable hazards. Resources saved can be spent on accelerating the
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registration of lower-risk products. The long-term objective is to resolve differences
and increase uniformity.

Harmonization brought the two agencies closer together, sharing data reviews
and building solid working relationships between scientific staffs. However, FQPA
diverted U.S. EPA’s attention from harmonization; at the same time, FQPA made
harmonizing with U.S. EPA much more vital from DPR’s view. The FQPA workload
at U.S. EPA, combined with a rolling reorganization at the Agency, slowed progress
on harmonization. At the same time, DPR staff joined several FQPA working
committees and informally participated in NAFTA harmonization talks. DPR’s post-
FQPA goals are to resolve problems before they require harmonization; generate a
genuine work-sharing relationship, and create a harmonious process where one
agency may freely use the work products of another.

OVERVIEW OF FQPA

FQPA substantially changed how U.S. EPA regulates pesticides. Among its
major provisions are:

. A new safety standard for all pesticide residues in food

- Requires "Reasonable Certainty of No Harm" from exposure to
residues;

-- Requires consideration of aggregate assessment of all
non-occupational sources of exposure, including drinking water,
residential, and dietary exposure;

-- Requires assessment of cumulative exposure to a pesticide and other
substances with common mechanisms of toxicity.

. Special protections for infants and children
-- Consideration of children's special sensitivity and exposure to
pesticides;
- Use of an extra safety factor of up to 10-fold, in addition to the
traditional 100-fold safety factor;
-- Explicit determination that a tolerance (legal residue limit) is safe for
children.

o Tolerance assessment and reassessment

-- Application of new safety standard to all tolerances issued after
August 3, 1996;

-- Reassessment, within 10 years, of all tolerances issued before
enactment of FQPA to ensure they meet the new safety standard,

- Establishment of tolerances for emergency exemptions issued under
Section 18 of the Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA).
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FQPA: MAJOR IMPACTS IN PROCESS AND SCIENCE

FQPA implementation has resulted in significant impacts on both the
regulatory and scientific decision-making processes.

Regulatory impacts: FQPA changed the process for evaluating Section 18
applications. (Section 18 of FIFRA allows U.S. EPA to exempt a state from pesticide
use regulations if the Agency finds that emergency pest conditions exist. The
exemption allows use of a pesticide that has not been registered under FIFRA.
Section 18s are particularly important in states such as California, where fruit, nut,
and vegetables are considered “minor” markets compared to “major” nationwide
acreage in wheat and corn). Under FQPA, the agency must establish maximum
pesticide residue limits, or tolerances, for uses authorized under Section 18. U.S.
EPA's interpretation of the new requirement has been to trigger a full-scale
reassessment for all tolerances--not just the Section 18 crop--even though the Section
18 affects only one commodity for a limited time.

This interpretation causes significant delay and sometimes prevents issuance of
a Section 18, even when the incremental risk is negligible or non-existent. This has
forced DPR to issue more crisis exemptions, which are Section 18s for which no
tolerance is set when a pesticide is applied, EPA has allowed states to issue more
crisis exemptions (provided they believe a tolerance can be established by harvest)
because they have been unable to complete their reviews in a timely manner. From
1985 to 1995, California averaged fewer than four crisis exemptions per year. In
1996, three of the six crisis exemptions issued by DPR resulted from FQPA. In 1997,
FQPA crisis exemptions jumped to 20 (out of 23 total crisis exemptions) in
California.

In an attempt to speed the Section 18 process in California, DPR has diverted
staff to conduct Section 18 risk assessments. These include reviews of a pesticide's
toxicology; potential for worker, dietary, and other exposures; and other data. DPR’s
risk assessment expertise makes our program uniquely qualified to assist U.S. EPA,
and we have been working closely with the Agency to establish "assumptions" on
which to base an assessment. While DPR wants to expedite whatever process U.S.
EPA dictates, it would be preferable if U.S. EPA established a simpler procedure for
emergency tolerances under FQPA. Indeed, the statute offers U.S. EPA the flexibility
to adopt a different approach to Section 18 tolerances, as Congress intended.

One alternative put forth by an advisory committee to U.S. EPA on which
DPR participated would recognize the temporary nature of Section 18 uses. This
alternative process would focus on the incremental risk associated with the Section 18
use itself, as opposed to the total risks associated with all uses of an active ingredient.
If the incremental risk calculated for the Section 18 use is insignificant--defined as less
than 1 percent of the acceptable risk associated with the appropriate toxicological
endpoints--then the use could be approved without a complete risk assessment.
However, if the risk is deemed greater than the 1 percent cutoff, then an aggregate
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risk assessment would be required. This alternative approach would be fully
protective of public health, while expediting Section 18s to the benefit of U.S. EPA,
registrants, and growers. U.S. EPA’s response has not been encouraging, but we
continue to press our case.

Science impacts: We seek to continue harmonization with the process still in
flux, coming to grips with U.S. EPA’s evolving notion of “reasonable certainty of no
harm” and new mandates to consider aggregate and cumulative effects.

Aggregate exposure assessment: California has been considering multiple
routes of exposure in its assessments for several years. In some cases, DPR
generated its own studies for assessing workplace and indoor exposure. In most of
these cases, the route of exposure driving the risk assessment has been non-dietary;
dietary exposure was considered only in the context of adding risk. For example, in
assessing the risk to farm workers from occupational exposure, we added potential
dietary contributions, but our main focus was workplace exposure. Under FQPA,
workplace exposure is not included in aggregate exposure; U.S. EPA must evaluate
occupational exposure during reregistration of the pesticide. Whether exposure is
dietary or non-dietary, we should concentrate on obtaining realistic data.

Cumulative exposure to chemicals with a common mechanism of
toxicity:
The need to consider this issue was highlighted in the National Academy of Sciences
1993 evaluation of the methods the federal government uses to estimate the health
risks to infants and children from dietary exposure to pesticide residues. Early last
year, U.S. EPA proposed an approach that assumes a common mechanism of toxicity
where pesticides show a common toxicological endpoint and structural similarity.

The International Life Sciences Institute (ILSI) is working with U.S. EPA to
better define what constitutes a common mechanism of toxicity and how to conduct
cumulative risk assessments. ILSI has completed an initial study to define common
mechanism of toxicity, using organophosphate pesticides as a case study. They have
concluded that this group of chemicals share a common mechanism of inhibiting
acetylcholinesterase. They reached this default conclusion because there was
insufficient data to distinguish subgroups of organophosphates, which produce a
variety of clinical signs not identical to all compounds within this group. U.S. EPA
has used this conclusion to develop different scenarios for regulatory action.
Proposing to revoke all authorized uses of these chemicals - sooner rather than later -
was one scenario floated by U.S. EPA (although the agency later denied it was
considering such broad-brush actions).

The science to determine common mechanism of toxicity is still being defined.
Our concern is that decisions will be made to default to larger, less meaningful
groupings, rather than wait for data to devise realistic subgroupings.
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“The Risk Cup”: Facing a lack of data for certain dietary and non-dietary
exposures, U.S. EPA created the concept of the “risk cup” as an interim strategy for
fulfilling the mandates of the FQPA. (In January 1997, U.S. EPA published an
interim decision logic to address FQPA risk assessment issues. As defined by U.S.
EPA, "the risk cup" logic is based on the concept that the total level of acceptable risk
from a pesticide is represented by the pesticide's Reference Dose [RfD]. This is the
level of exposure to a specific pesticide that a person could receive every day for
seventy years without significant risk of a long-term or chronic non-cancer health
effect. The analogy of a "risk cup" is being used to describe aggregate exposure
estimates. The full cup represents the total RfD and each use of the pesticide
contributes a specific amount of exposure that adds a finite amount of risk to the cup.
As long as the cup remains unfilled, meaning that the combined total of all estimated
sources of exposure to the pesticide has not reached 100 percent of the RfD, U.S.
EPA can consider registering additional uses and setting new tolerances. Ifit is
shown that the risk cup is full, U.S. EPA has taken the position that no new uses
could be approved until the risk level is lowered. This can be done by the registrant
providing new data which more accurately represent the risk or by implementing risk
mitigation measures. While this explanation is focused on chronic non-cancer risk,
the agency will use a similar logic to assess acute risk and cancer risk.)

U.S. EPA has proposed filling the risk cup with very conservative assumptions
for drinking water and non-dietary indoor and lawn and garden exposures to
pesticides. There is little data on these drinking water and non-dietary exposures, and
in the absence of data, U.S. EPA assumes that 10 percent of the risk cup is given over
to drinking water and 10 percent to home and garden uses. This has a great impact
on the many uses of a pesticide--or in the case of organophosphates, a whole group of
pesticides--on hundreds of fruits and vegetables.

However, a recent experience at DPR indicated that even this conservative
interim decision logic can be preferable to decisions based on inadequate data and
inappropriate use of modeling. Earlier this year, U.S. EPA was poised to deny a
Section 18 application from California to use the fungicide maneb on walnuts. U.S.
EPA said its calculations showed that the maneb risk cup was full, based on
assumptions about exposure to dietary water residues of ETU, a breakdown product
of maneb and other chemically related fungicides.

In this instance, U.S. EPA did not use the 10 percent default assumption--it
used actual data and then made some wildly inappropriate calculations based on that
data. Nationwide, more than 1,500 wells were sampled for ETU. One valid
quantifiable detection was found in Illinois. The concentration was high--16 ppb.
Yet ETU was not found in other wells monitored in the same county. DPR’s
experience with pesticide ground water monitoring suggests that a single detection at
a relatively high level indicates a point source contaminant, as opposed to normal
agricultural use. Point source contamination could be caused by proximity of a
mixer/loader site. In addition, ETU is widely used as an accelerant in neoprene and
other rubber production.
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DPR has never had a verified detection of ETU in thousands of well samples
taken in California. In Florida, where this class of chemicals is widely used, no
confirmed ETU residues have been found. Nonetheless, U.S. EPA used this single,
questionable detection--from among 1,500 wells--to characterize the nation’s entire
drinking water supply. Moreover, U.S. EPA used a new empirical screening model
never intended for use as a decision endpoint. The good news is that U.S. EPA
ultimately allowed a Section 18 for maneb, using the previous year’s unexpired
tolerance.

CRITICAL SCIENTIFIC ISSUES

Since FQPA took effect, U.S. EPA has presented several papers on a number
of scientific issues at numerous meetings of its Scientific Advisory Panel (SAP).
However, U.S. EPA's changing use of different default assumptions and different
sources of data has been a source of confusion and frustration. From DPR’s
perspective, it appears that U.S. EPA staff sometimes have reached for very
conservative default assumptions or single "worst-case" data points in aggregate
exposure analysis. DPR cannot discern why such values were selected.

Distinction between screening and refined risk assessment: We believe
estimating risk based on many interim default assumptions in the absence of data
should be viewed as a screening assessment, rather than a realistic and conclusive risk
assessment. A margin of exposure (MOE) derived from a screening assessment
should not be used to draw a bright line on the "risk cup.” Since U.S. EPA is
collecting all existing data for addressing the FQPA issues, we hope that the final
"interim" policies on risk assessment will not call for injudiciously stacking many
high-end defaults to address aggregate and cumulative exposures. Risk managers
must be able to consider the uncertainty associated with risk estimates when
numerous default assumptions are used in risk assessments.

Data development: The default assumption problem underscores the need for
better exposure data, especially for complex situations involving multiple chemicals or
multiple routes of exposure. There is also a critical need for geographically-specific
data. California registrants have developed exposure data at DPR’s direction. In
some cases, DPR developed its own data. However, this is an area where U.S. EPA
leadership would be welcome. For example, user groups are concerned that if many
active ingredient uses are dropped after U.S. EPA’s interim assessment, there will be
no incentive for registrants to develop actual data. U.S. EPA needs data from studies
that are statistically designed and provide toxicologically pertinent detection levels.
The Agency also should take into account all media which are major contributors to
an exposure (e.g., foods consumed frequently and/or high in residues; data for indoor
use). Data from food should be as close to the point of consumption as possible.
Exposure assessments based on such data will provide a more realistic perspective for
U.S. EPA.

When utilizing data that is not generated by registrants, U.S. EPA’s Office of
Pollution Prevention (OPP) needs to verify that its information is accurate and up to
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date. This suggests a role for both pesticide users and government agencies. DPR
has required full reporting of all agricultural pesticide use since 1990. Recently, DPR
has utilized this wealth of information to develop a database of pest management
strategies that may be affected by upcoming tolerance reassessment.

Such analyses have allowed DPR to initiate proactive programs. For example,
we established Pest Management Alliance grants to create partnerships targeted at
reducing pesticide risks to workers, consumers, and the environment. Alliance
proposals are evaluated in light of the most critical pest management needs with
widespread implications. Grant recipients also must agree to match DPR funds of up
to $100,000, with an initial $5,000 award to gather pest management information.
The projects themselves may employ applied research, demonstration projects, or a
combination of the two.

The benefits are immediate and tangible. First, DPR wants to focus the user
community on research needed to move beyond FQPA. Second, we want to provide
information to U.S. EPA on how materials are used, both on their own merits and as
substitutes for other, threatened materials. Some of these alternatives may present
non-dietary problems that are not the focus of FQPA (e.g., worker exposure). Other
alternatives might be potential environmental contaminants. Whatever the case, it is
critical that U.S. EPA fully understand the impact of its decisions.

To obtain the best data, U.S. EPA also needs to expand its perspective beyond
the registrant and user communities. The Agency might begin by working with its
pesticide and water programs to obtain data from the state agencies that monitor
water. As part of that process, U.S. EPA could take into account the success of state
programs in mitigating water problems. The Agency needs to quickly proceed with
gathering this information

Without such efforts, FQPA will require the use of extremely conservative
assumptions: for example, a commodity would presumably contain residues for all
chemicals registered for use on that commodity. Such an assumption is obviously
unrealistic. The complexity of these issues would escalate when the cumulative
exposures also included aggregate exposures from each pesticide. Absent careful
considerations, the stacking of such conservative assumptions grossly distorts the risk
assessment.

To move away from such assumptions, U.S. EPA needs data on the profiles of
pesticide use, coupled with data on the coexistence of pesticides in foods. U.S. EPA
should make every attempt to utilize all available data. For example, we understand
that U.S. EPA may not use actual (marketbasket) residue data for acute dietary
assessment if the data is from co-mingled samples. However, in DPR’s experience,
there are very few commodity-chemical combinations where co-mingling could
significantly alter the result of the assessment. Good minds at OPP should explore
this issue; otherwise, a significant data base will be ignored. This is another example
where U.S. EPA could benefit from expertise at the state level.
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Data analysis tools needed: To properly implement FQPA--and to fulfill the
goals of the National Academy of Sciences report that led to passage of the law--will
require new data analysis tools. We will need valid methods of distributional
(probablistic) analysis to avoid unrealistic use of multiple high-end exposures. The
Monte Carlo method is the most commonly used of these.

In the conventional point estimate approach, the exposure is expressed as a
fixed value, usually at the high-end of an exposure spectrum. The aggregate and
cumulative exposures are then calculated by adding the exposures from all routes and
all chemicals, leading to unrealistic exposure estimates. It is extremely unlikely that
any individual would be exposed at the high end of all routes of exposure to all
chemicals.

Alternatively, the distributional approach takes into account the entire
distribution of each exposure component (e.g., consumption and residues in a dietary
exposure assessment, or dietary and residential in an aggregate exposure assessment)
and arrives at a final distribution of exposures that would most likely demonstrate that
the probability of having all routes of exposures all at the high-end in a highly
improbable range that is statistically unreliable (e.g., at 99.99th percentile).

Because the distributional approach is data- and labor- intensive, this type of
analysis should be considered as a "refining analysis" conducted only after the
screening assessment using point estimates shows an unacceptable risk. We have the
software to conduct a distributional approach for dietary exposures to a single
chemical, but an elaborate system would have to be set up to address aggregate and
cumulative exposures.

How to deal with default scenarios: The default factors for dietary water
and non-dietary indoor and outdoor exposures should be employed rarely, if ever.
First, there is scant evidence to support a 10 percent default for water. With a few
exceptions, pesticides are not found in ground or surface water at levels to support
this contribution to risk. Secondly, those exceptions are generally well known and
U.S. EPA has data upon which to base an exposure estimate. For indoor and outdoor
non-dietary exposures, knowledge of the use patterns should allow use of surrogate
data from pesticides with similar use patterns.

Data call-in for moving away from defaults: To some extent, this will
depend upon interim policies and defaults, and their underlying rationale. Data needs
will be chemical-specific. Data call-ins could be studies of residues in milk,
transplacental transport and mechanistic studies, drinking water residue monitoring,
and the like. If the interim policies lead to extremely conservative risk assessments, it
would be up to the registrants to decide which areas they want to refine. Would there
be any chemicals left to deal with in the second scenario? Our guess is that if the
second round requires input from an extensive data call-in, the information may not
be available before a majority of tolerances are reassessed. What may be left are the
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new active ingredients, and the requests for reassessment after the registrants
generate studies to address specific defaults in the interim policies.

Then there is the consideration of cholinesterase (ChE) inhibition as an
endpoint itself. Aggregate risk for OPs and carbamates pose a good example. Since
it has been concluded that there is insufficient data for subgrouping OPs, it appears
that all OPs will be treated as one group. The SAP approved U.S. EPA's policy on
ChE inhibition, which would allow the use of plasma ChE inhibition as an endpoint.
We expect that it could well be used as the endpoint for cumulative risk assessment.
But is it an adverse effect? Are these chemicals additive, synergistic, or antagonistic?
We simply do not know the answers. U.S. EPA must consider that if its decision
results in wholesale cancellations, there would be a major impact on a multitude of
pest management systems. This in turn would put more pressure on remaining
alternatives and threaten the viability of integrated pest management systems. A
program driven by dietary concerns alone may wipe out pesticides that pose only a
theoretical risk to the public, forcing pesticide users to turn to alternatives that pose
little dietary risk--but that also may threaten the environment.

Conclusion

U.S. EPA, DPR and regulatory authorities in other states face intense criticism from
pesticide users and activist groups if FQPA does not fulfill their expectations. We
must assure increased protection for infants and children while keeping agricultural
goods plentiful and affordable. If U.S. EPA expects to achieve these goals, the
Agency must fully involve the states in FQPA’s implementation process. DPR
already is working with registrants to look at critical uses, and U.S. EPA has
benefitted from our accurate information on actual use. Any successful dialogue on
science and policy depends not only upon scientific expertise, but experience with the
issues at hand. California and other states have demonstrated that their scientific
resources and field experiences are needed to make FQPA succeed.
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Chapter 7

Natural Products as Leads for New Pesticides
with Reduced Risks

Gary D. Crouse

Dow AgroSciences LLC, 9330 Zionsville Road, Indianapolis, IN 46268

Although the use of naturally-derived secondary metabolites as pest
control agents predates modern agriculture by centuries, technology-
driven agricultural practices adapted during the past 50 years curtailed
their use in favor of simpler, faster acting and more environmentally
stable synthetics. Technological advances are again leading a trend
back to naturally-derived materials as the industry learns how to find,
optimize, and deliver naturally-derived pest control products. The
result will be safer, less environmentally hazardous products for pest
control.

It seems a natural fit—the best way to control pests is to learn from nature. Organisms
are equipped with a broad array of chemical weapons to ward off predators and
competitors for limited resources. The use of naturally-derived chemical pest control
agents such as nicotine and pyrethrum clearly originated well over a century ago. A
limited degree of success was derived from their use, and they were clearly preferable,
from a toxicological standpoint, to many of the early chemical treatments based on
toxic inorganics or petroleum distillates.

Nevertheless, widespread use of naturally occurring pesticides in modern
agriculture has remained somewhat limited. As a class, biological control agents
account for considerably less than 1% of the overall crop protection market (/). There
are a number of good reasons for this. An organism that has no evolutionary pressure
to confer such characteristics as photostability, mammalian selectivity or fit in to
integrated pest management (IPM), did not build these attributes into its chemical
arsenal. As a result, a plant-derived secondary metabolite, such as nicotine, shows
little selectivity between insects and mammals. Even a product that is both safe and
effective will often encounter difficulties in large scale agricultural applications.
Bacillus thuriengensis (Bt), for example, is a family of highly selective proteinaceous

Adapted in large part from Crouse, Gary D., CHEMTECH, “Pesticide
Leads from Nature,” Volume 28, Number 11, November 1998, pp 36~
80 45. Copyright © 1998 American Chemical Society.
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insect toxins, but the need for precise timing of applications has limited its
effectiveness as a sprayable pest control agent (2).

It is difficult to argue that the origin of a material (synthetic or natural) can
dictate the level of selectivity, compatibility with IPM, or any other measure of risk
or benefit. Natural products, in fact, constitute some of the most toxic and most
carcinogenic materials ever discovered (Table 1). Nevertheless, natural pesticides, in
general, are perceived as being more environmentally suitable. Their superior
environmental profile relative to synthetics is more due to historical differences in
selection criteria. Synthetics are more residual because they were designed to be more
residual, and they were used precisely because they could be applied across large
areas and survive the effects of sun, air, water, and microbial degradation. In nature,
the selection criterion is not durability, but simply whether a secondary metabolite
confers a competitive advantage to an organism. In addition, greater structural
complexity often results in both higher selectivity and greater fragility. Because
biochemical pathways are so much more efficient than chemical synthesis, natural
products have a tremendous advantage in the ability to produce highly complex
molecules.

Table I. Mammalian and Envifonmental Hazards of Several
Naturally-derived Pesticides

Rat oral

Botanical LDsp, mg/Kg Other
Nicotine 50-60*
Rotenone 10-350* severe fish poison
Pyrethrum 1500* severe fish poison
Physostigmine 4.5°
Ryanodine 750° highly toxic by i.p. injection
Abamectin 11¢ moderate fish poison

SOURCES: ? reference (3) ® reference (4); © reference (5); ? reference 6).

The real issue facing agricultural research has been one of how to adapt natural
pest control methods to fit the needs of human agriculture. It is rare for a natural
product to exhibit all the necessary characteristics for a commercially acceptable pest
control agent. Success depends not only on their discovery but also on overcoming the
technological hurdles of generating and delivering the activity where and when it is
needed. The commercial and therapeutic value of penicillin, for example, was not
able to be exploited until appropriate large scale fermentation technology was
developed, some fifteen years after Fleming’s initial discovery. Similarly, research
into natural organisms has resulted in the discovery of myriad pest control solutions
that have exquisite levels of efficacy, selectivity, and environmental safety. The
technology necessary to bring many of these materials to the market has been
successfully developed. Other opportunities remain tantalizing yet technologically
unattainable even today.

The following review is organized according to technological limitations that
have been successfully surmounted, those that have yet to be solved, and the roles
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these technologies play in expanding the role of naturally-derived pest control

products. These technologies are divided into four subtopics:

¢ Finding useful biological activity from natural sources;

e Large-scale production technology

e Modifying natural materials to enhance activity or eliminate undesirable
characteristics;

e Delivering the activity where it is needed.

Finding useful biological activity from natural sources

The ability to collect and screen a greater number and variety of organisms. It
has been estimated that over 90% of the world’s fungi and bacteria have not been
taxonomically characterized, and many of the known organisms have not been
adequately evaluated for potentially useful activity (7). Biodiversity screening began,
logically, with higher plants. The successful development of human and animal
health products from microbial sources led, in turn, to screening efforts against
agricultural pests. Fungi, algae, sponges, insects, and higher animals have all
produced a broad variety of activity and have recently received considerable attention
as new sources of potential pharmaceuticals and agricultural leads (8).

More rapid identification and characterization of novel active entities. As a result
of recent pharmaceutical and agricultural successes, the ever-widening natural product
screening approach has flourished but produced critical bottlenecks in the lead
identification process. The increased number of plants, bacteria and other organisms
has brought the need for further miniaturization and more rapid assays. Within the
pharmaceutical industry, first-pass large scale screening has largely been
accomplished through the development of appropriate in vitro screens (9). The
agricultural industry has been much less successful with this approach for a number of
fundamental reasons. First, the physical demands on a pest control agent are much
greater. Successful candidates are measured in terms of their ability not only to
interfere with an important biochemical process but also to survive a battery of harsh
environmental conditions. They must penetrate a plant, microorganism or insect and
move within the organism to the molecular site of action. The difficult task of
converting intrinsically potent molecules with weak whole organism activity into
product-level agrochemicals has rarely been accomplished. A second disadvantage of
in vitro screening of natural products in the agricultural arena is that it cannot detect
new modes of action (MOA). Because of the problems of resistance, a new MOA is
one of the most valuable attributes that a new agricultural entity can have. Finally, a
key advantage of agricultural screening relative to the pharmaceutical screening is the
ability to do without surrogates or model systems. With in vitro assays, that
advantage is lost. Poor translation of in vitro activity within pharmaceutical and
animal health screens is also observed regularly (10), however, the in vivo alternative
is not available. Obligate parasites continue to present problems, because they still
require surrogate pathogens or reliance on in vitro approach.

The development of better microanalytical techniques requires, in turn, the
need for increased miniaturization of the screens. Successful miniaturizations of many
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whole plant, insect and fungal organisms into 96-well formats have been reported.
With the increased ability to screen larger and larger libraries of organisms comes the
technical difficulty of eliminating known active materials.  Isolation and
characterization of a molecule is often the most difficult part of the process, and even
more critical when trying to characterize secondary metabolites that are present in very
small quantity. This problem has prompted the development of the hyphenated-
analytical techniques, such as LC-MS (liquid chromatography-mass spectrometry) and
LC-NMR (I1). Recent advances that include NMR solvent suppression and greater
sensitivity have significantly enhanced the potential to rapidly identify known
materials through routine processes. Coupling of LC and mass spectral fragmentation
patterns with high speed computational capability allows for precise and rapid
characterization of secondary metabolites (12).

From this expanded collection, screening, and characterization effort have
come a tremendous variety of new active families of molecules. Many of these
structures have been described in recent monographs (13, 14). Figure 1 lists examples
of either new structural families or of older molecules for which pesticidal activity has
been recently reported.

Br OH/
=N
/N >=O
— : N\
H H
O H

agelastatin A

styloguanidine allosamidin
(o]
OA% on OH

\ o

- O -
Ac O,O 0 © ((;)H N\n/ F'o
Ac Ac N HO O

HO
OH OH o

tetra-O-acyl sucrose ulosantoin

(Ac = C2 to C10 esters) OMe

MeO

OH  NMe,

- - i nodulisporic acid A
L-alanyl-L-alanine p rocaglamide

Figure 1. Recent examples of new natural products active against agricultural pests.

Agelastatin A, isolated from a marine sponge, has shown toxicity to members
of the lepidopteran family (/5). A member of the relatively large class of
bromopyrroles, agelastatin A is the first to have been reported to be toxic to insects.
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The phosphorylated hydantoin ulosantoin was also isolated from the marine sponge
Ulosa ruetzleri (16). Styloguanidine, a potent chitinase inhibitor, was isolated from
the marine sponge Stylotella aurantium (17). This alkaloid has not been screened for
insecticidal activity, but another family of chitinase inhibitors, the allosamidins, show
acaricidal and insecticidal activity (I8). A new class of fermentation-derived indole
terpenes, represented by the structure of nodulisporic acid A, have been reported to
control blowfly and mosquito larvae at sub-ppm levels (19). Higher plants also
continue to yield new structures. Rocaglamides, isolated from Aglaia duperreana,
have been reported to have insecticidal activity equivalent to the azadirachtins (20).
Structurally, however, they are much simpler than either the azadirachtins or
ryanodines. Sucrose esters, found in leaves of the Solanacae family, have also been
reported to have potent insecticidal activity. The number, length and position of acyl
groups was found to be critical for whitefly activity (21). Pre-emergence activity has
been reported for L-alanyl-L-alanine, one of a number of dipeptides found in corn
gluten. Although not currently economically competitive with existing synthetic pre-
emergence herbicides, this has been proposed as a natural alternative in locations
where human contact cannot be avoided (22). All of these materials potentially
represent some of the newer targets, and possibly new mechanisms, for chemical
modification programs looking to develop new pest control agents.

Large-scale production technology

From initial screens to ultimate production, natural products present endless technical
hurdles related to manufacturing. Fermentation screens usually are conducted on a
milliliter scale, whereas as material requirements for a moderately successful
agricultural product are likely to be in the hundreds or thousands of metric tons.
Several fungicides, such as validamycin A and kasugamycin, are produced on a
commercial scale in Japan. However, on a worldwide basis they are still considered
relatively minor products.

Fermentation technology has progressed considerably in the last few decades,
as demonstrated by the successful production of several agricultural products on a
multi-ton scale (23). The microbial herbicide bialaphos (Basta®), is produced
commercially by Meiji Seika through fermentation of Streptomyces hygroscopicus
(24). This and several related di- and tripeptides are non-selective post-emergence
herbicides with extremely low mammalian toxicity. The avermectins, also produced
through fermentation, were developed initially as endectocides for animal and human
health. Agricultural applications, as a bait formulation for control of the red imported
fire ant (Solenopsis invicta) and as an agricultural miticide, were developed later.
Although technical avermectin is itself quite toxic, its low use rate (15-30 g ai/ha) and
rapid degradation in the environment result in a relatively safe product (25).
Emamectin, a synthetic analog of avermectin, has a vastly different spectrum (Table
II), and will soon be marketed for control of lepidopteran pests in high value markets.
Mammaljan toxicity is somewhat improved, while use rates are comparable to
abamectin (26).
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Table II. Activity of a Natural and Semi-synthetic Analog of Avermectin.

Derivative R TSSM Assay Southern Armyworm  Rat acute oral
LCy (ppm)  Assay LCo (ppm)*  LDso (mg/Kg)®

abamectin OH 0.03 8.00 11

emamectin epi-NHCH; 0.25 0.004 70

SOURCE: ®reference 25; ° reference 26.

The spinosyns (Figure 2) are a class of highly selective fermentation-derived
insecticidal macrolides, discovered in the early 1980’s (27). The spinosyns are
extremely effective at controlling members of the lepidopteran family of insects,
which are major agronomic pests in such crops as cotton and vegetables. Just as
importantly, all the other characteristics necessary for effective pest control, such as
environmental compatibility, speed of action, low mammalian toxicity, and
selectivity toward beneficial insects. (Table III).

MezN\N\g OMe

Figure 2. The two major factors in spinosad are spinosyn A (R = H) and spinosyn D
(R =CHs). To date, over 25 natural factors have been isolated and characterized.

Table III. Mammalian and Insect Toxicity of some Cotton Insecticides
Rat Oral LDsy, Tobacco Budworm (TBW) LCsg

(mg/Kg) _(ug/g)
Spinosad >2000° 1.12-2.4°
cypermethrin 250° 0.25-1.61°
Bacillus thuriengensis >2000° <1°

SOURCE: 2 reference 28; ° reference 29; °© reference 30.

The organism that produces spinosyns is Saccharopolyspora spinosa, a slow-
growing and aerobic gram-positive bacterium. These particular characteristics make
large-scale fermentation more difficult than other fermentation media because of the
potential for contamination by faster growing microorganisms. Nevertheless, a strain
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selection program has resulted in significant improvements in yield, resulting in
successful multi-ton scale-up and commercialization in late 1997.

Modifying Active Natural Materials: “Designer” Natural Products.

Pyrethroids exemplified the primary drawbacks of natural product research: naturally-
derived materials were not easily adapted to modern agriculture. Although known as
safe and effective natural pest control agents, the pyrethrins were photolytically,
oxidatively and hydrolytically unstable. Their relatively complex structure and
fragility suggested unsuitability for agricultural applications. Furthermore, their
complexity ruled out industrial-scale synthesis, thus the supply of material from plants
was bound to remain a critical limitation.

A synthetic modification program was initiated by Elliot in Rothamsted (31)
and by Sumitomo, and this effort eventually expanded to dozens of industrial and
academic labs. The effort was eventually successful in developing an understanding of
the structural requirements for activity, and synthetic analogs that overcame many of
the drawbacks of the natural material (Table IV) were made. To date, over 35
synthetic pyrethroids have been developed for control of a wide range of insect pests
(32).

The commercial success of the pyrethroids, in the early 1970’s, came at a
critical time for the agricultural industry. Traditional (random) chemical synthesis
programs, responsible for a series of revolutionary pest control agents from DDT to
organophosphates and carbamates, now experienced a plethora of new issues. Public
concern about the health and environmental effects of highly residual synthetic
pesticides was growing, as was the development of pest resistance to many of these
same chemical classes. Biological control agents continued to play only a minor role,
due to their high cost, low availability, and, ironically, too rapid environmental
degradation. The pyrethroids demonstrated, for the first time, that the reduction of a
complex natural product to a simpler, synthetically accessible molecule was possible.
Not only were they simpler, but they were also more environmentally stable and up to
1000X more active than the natural pyrethrums, while retaining a reasonable
mammalian safety profile.

The success of the synthetic pyrethroids prompted many research groups to set their
sights on other classes of natural products. Today, these efforts establish natural
product isolation and modification research as perhaps the most successful approach to
the generation of new classes of pest control agents. The performance improvements
relative to the natural product can be seen as fitting into one of two categories:
improving the efficacy of intrinsically safe and selective natural products (Table IV),
and improving the toxicity/environmental profile of effective but intrinsically unsafe
materials (Table V). Research into synthetic juvenile hormone analogs has resulted in
several commercial products. These demonstrate up to four orders of magnitude
greater activity than the natural materials, as well as a broader spectrum and enhanced
photostability. A potentially important new class of fungicides, based on the
strobilurins, is now entering the marketplace. The natural fungal metabolite,
strobilurin A, shows high greenhouse activity and excellent mammalian safety, but
poor field efficacy due to high photolability. In a remarkably short amount of time,
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Table IV. Examples of New Agricultural Pest Control Agents, and the
Natural Materials on whose Activity they are Based.

Natural Product Representative commercial Characteristics
synthetic analog optimized*
C' e environmental
~ CI stability
O e pest spectrum
/< QC!( 0 /@ e intrinsic activity
o (>1000X)*
Pyrethrin I N®
Cypermethrin
H, A __» Photostability
Ao+ spectam
N .

O Intrinsic activity
@ O (>1000Xb Vs aedes
P .

o 0] aegypti)

Pyriproxifen .
o Photostability

N Q (ca. 7000X)°
MeO /X OMe Meo ~ .OMe °* Pest spt?cFrum
N e Systemicity

Strobllurm A Azoxystr ob in
cl N . Photost:bility
(100X)
C'% cl 1
NO, N al H
Pyrrolnitrin Fenpiclonil
e Chemical simplicity
o} \k e Improved transport
NN e Metabolic stability
o (30-670X)°
20-Hydr0xyccdysone Tebufenozide
6 o dl e Stability
ii/k@\ e Intrinsic activityf
SO,Me
Leptospermone Sulcotrione

* relative 1mprovements are pubhshed measurements from laboratory comparisons.
SOURCES: *®reference (33), reference (34); © reference (35) reference (36); ©
reference (37); { reference (38).
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scientists at BASF, ICI, and elsewhere were able to develop a relatively simple
pharmacophore model, and subsequently to prepare and evaluate numerous photo-
stable bioisoteric analogs. The first members of the strobilurin class of fungicides
entered the marketplace anly 13 years after the definitive structure elucidation of
strobilurin A (39). Also, Pyrrolnitrin was the initial natural product from which two
commercial fungicides fenpiclonil and fludioxonil are based (36). Leptospermone, a
plant-derived essential oil, likewise provided the template for a series of p-
hydroxyphenylpyruvate-inhibiting herbicides represented by sulcotrione (38).

The cases described above represent the commercial success stories from
natural product modifications. Many other classes of commercial pest control agents
are related to natural products, although more indirectly. The diacyl hydrazide
tebufenozide, for example, was not discovered through a natural product structure
modification effort, but was subsequently found to mimic the action of the natural
ecdysone agonist 20-hydroxy-ecdysone (37).

Many other natural product modification efforts have been described which
have not yet led to commercially successful products. A series of plant-derived
lipophilic unsaturated amides that showed insecticidal activity and mammalian safety
nearly equal to the pyrethrins was identified in the early 1970’s. Despite a long and
detailed synthesis program that succeeded in improving the environmental stability as
well as the level of activity, commercially acceptable levels of control have not yet
been achieved (40). Similarly, other natural products, including strigol (41),
azadirachtin (42), hydantocidin (43), tenuazonic acid (44), ryanodine (45), and many
others, have been the targets of numerous structural modification efforts without
commercial success. Undoubtedly, continued efforts in one or more of these areas
will eventually generate some of the next important classes of pest control agents.

The ability to successfully mimic proteins and polypeptides would create
numerous opportunities for selective pest control. Many oligopeptides, proteins, and
depsipeptides have been found that show selective control of insects, fungi, and
plants. The pyrokinin and myosuppressin neuropeptide families (46), as well as
insecticidal depsipeptide destruxins (47), the phytotoxic cyclopeptide tentoxin (48),
and the insecticidal cyclopeptides vignatic acids A and B (49), have been recently
reported (Figure 3). Delivery of peptide-based pest control agents is, in most cases,
not possible using traditional spray applications. (As discussed below, they can be
more effectively delivered through the use of genetically engineered plants). An
alternative is to engineer a more appropriate synthetic analog that is more easily made
and applied. Peptidomimetics, which are non-amide derivatives of amino acid-
derived entities, have furnished numerous leads (50) and products (51) in the
pharmaceutical arena. From an agricultural perspective, these approaches have not
yet led to commercial successes. A synthesis and modeling study based on the
herbicidal cyclic peptide tentoxin was initiated, however initial synthetic targets did
not result in any biological activity (52, 53). Another report details an attempt to
mimic the pharmacophore of the cyclodepsipeptide jaspamide (54). A synthetic
analog, although active by injection, did not have any topical activity.

Whether the inherent structural complexity and additional stability and
permeability factors will continue to limit the ability to mimic peptide-based
derivatives is not clear. Combinatorial chemistry and parallel synthesis efforts are able
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Table V. Examples of Natural Products and Synthetic Analogs with
Improved Toxicological Profiles.

Natural Product or Lead Representative Synthetic Toxicity advantage*
Structure Analog
Cl N
ci NO, Br Z
oL N o) mammalian ~ toxicity
) ¢ ) (50X)*
H 0_0 ~” cl
dioxapyrrolomycin chlorfenapyr
\ o}
A . b
,,,,éc‘(on, fish toxicity (3000X)
~ L
LR R0
pyrethrin I Etofenprox

mammalian toxicity

' L
N H,N
S ~N 2 s /
‘S/j HerS}N\ 2X)°
o]

nereistoxin
cartap
| Ci - No,
X N N 5\\
| _ N \_JNH mammalian toxicity
N ©9X)°
nicoﬁne lmldaclopl'ld
/\/@X fish toxicity (100X)°
o
SN
@
rotenone fenazaquin
|
N O\H/N\ Q | mamnflalian toxicity
Ve . 0 O\rrN\S,N(n-Bu)2 (20X)
/ 0
physostigmine carbosulfan

“Toxicity advantage is defined as the ratio of rat (oral) or fish LDsg values for the
indicated natural product relative to that of its associated synthetic analog.

SOURCES: ® reference (55); b reference (56,57); °reference (58); 4 reference 59);
® reference (60);  reference ©61).
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Figure 3. Cyclic peptides and depsipeptides with selective activity against insects or

plants

to generate large numbers of peptoids and peptidomimetics, and expanded screening
efforts will continue to evaluate these for biological activity. Clearly, much additional
modeling work will need to be completed before design programs will be successful.

In the examples above, an intrinsically selective natural pest control agent was
exploited by improving some physical attribute that limited its utility. Non-selective
natural products have also be exploited by developing analogs that have greater
selectivity. A key example again comes from pyrethroid research. Unacceptable fish
toxicity associated with natural pyrethrins and many early pyrethroids limited their
utility in aquatic environments. The non-ester pyrethroids, such as etofenprox, exhibit
greatly reduced fish toxicity and can be used in aquatic environments (56, 57). Also,
dioxapyrrolomycin was the starting point in research leading to the development of a
safer and more active insecticide (55).

Table V also contains some commercially important pest control agents that,
although subsequently found to share mechanistic and structural features with a natural
product, were not derived directly from them. Imidacloprid, for example, may be
considered an example of a natural product analog with reduced mammalian toxicity,
even though the research leading to its discovery was not based on nicotine. Thus,
even when natural products act at receptors which exist in both insects and mammals,
analogs exhibiting adequate levels of intrinsic selectivity can sometimes be developed.
Relative to rat muscle, insect nicotinic acetylcholine receptors are up to 1000X more
sensitive to the effects of imidacloprid (62). Also, the several classes of miticides,
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including fenazaquin (Table V), exhibit target site binding characteristics similar to
rotenone, even though structurally the two are quite different. Selectivity in this case
is the result of differential metabolism (60). In retrospect, carbamates and
organophosphates can also be formally considered as safer synthetic analogs of natural
products, sharing some structural features and MOA with naturally occurring
physostigmine and ulosantoin, respectively.

As in the discussion above, unacceptable toxicity can not always be overcome.
In a paper relating to herbicidal sulfamoylated nucle~sides, mammalian and plant
activity were found to be too closely correlated (63). In general, natural pest control
agents whose MOA involves disruption of primary metabolic processes for which
there is a mammalian equivalent, are much less likely to lead to environmentally
acceptable synthetic analogs.

Delivery of Activity

Genetic engineering: Beyond Bt. The inherent biodegradability of natural products,
while considered an environmental advantage, creates a significant obstacle to
delivering the activity where it is needed. Many natural products are simply too
complex or fragile to ever successfully develop into a sprayable pest control agent.
The ability to generate the active material within the crop or other organism solves
numerous formulation and application problems. Following a lengthy development
phase, recombinant technology has begun to generate dividends, with the successful
introduction of pest resistant cotton and other crops containing the Bt gene. Their
excellent efficacy and safety profiles (64) have contributed to rapid acceptance by
growers and consumers.

A real advantage in genetic engineering thus lies in the value it can bring to
other technologies. Further screening efforts into protein-based natural products can
now be considered (65), not only as sources of leads for chemical modification, but
as potential products themselves. Another strategy involving transgenic technology is
the expression of plant genes for more complex plant defense materials. Lectins,
which are primarily glycoproteins with specific carbohydrate-binding characteristics,
have been shown to have insecticidal and nematocidal properties (66). Lectins active
against Homoptera, Diptera, and Lepidoptera have been identified (67). Work is
currently underway to clone and express these and other lectin-encoding genes in
plants. Recent publications have indicated limited success with this approach, but the
potential has been clearly demonstrated.

Other, even more complex, potential opportunities will become available as
the tools for inserting and expressing genes becomes more routine. Plant-colonizing
bacteria, initially considered as a potential delivery mechanism for Bt (), have not
yet resulted in commercial applications. Use of baculoviruses as vectors for delivery
of an insecticidal gene is rapidly approaching the level of commercial applicability.
Baculoviruses are insect-specific viruses that colonize and eventually kill their hosts.
Their slow speed of kill has prevented widespread use for agricultural application.
However, researchers have succeeded in incorporating a rapid acting spider venom
into the baculovirus genome (68,69). Now, infection by the virus results in immediate
expression of the toxin, leading to more rapid mortality. Alternatively, engineering
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viruses to express insect-specific regulatory hormones, such as, diuretic or anti-
diuretic hormones and juvenile hormone esterase, have also been investigated with
varying degrees of success (70, 7I). The successful use of insect-colonizing fungal
pathogens to control insects has also been demonstrated. The insect-specific fungus
Beauveria bassiana was shown to control sweetpotato whitefly (Bemisia tabaci) in
cotton (72). Genetic engineering to improve their efficacy has not yet been reported.

Ultimately, the incorporation into plants of genes which encode a series of
proteins necessary for the production of secondary metabolites would appear to be an
attractive, albeit more distant, approach. These technologies, if successful, will
serve to blur even more the distinction between biological and chemical control
methods.

Conclusion

Exquisite examples of selective toxicity can be found in nature. Organisms, with
highly efficient means of producing complex chemistry and a few billion years in
which to develop it, have developed an array of secondary metabolites that provide
for themselves a competitive advantage. Humans have, in turn, taken advantage of
many of these natural pest control entities for centuries, however many of the most
selective and potentially most useful were too complex for commercial use.
Technological developments in the last two decades have begun to unlock many of
these heretofore unavailable natural biological control agents, and the next decade
promises to expand considerably on this.

The ultimate effect that the recently passed Food Quality Protection Act will
have on tolerances and uses of existing classes of pesticides is the subject of
considerable discussion, some of which is presented elsewhere in this Symposium. It
will certainly lead, in the short term, to some reductions in usage until appropriate
interpretations and guidelines can be established. In the longer term, it is reasonable
to anticipate that expectations for greater safety margins and lower residues will
continue to increase, notwithstanding the significant gains already made. The need to
develop products that that can be used in IPM programs will also increase the need for
highly selective and readily degraded products.

Natural products do not necessarily represent an optimum in terms of efficacy,
selectivity, or environmental suitability. Through advances in biotechnology,
chemical design, fermentation technology and screening technology, naturally-
derived pest control agents have been optimized for modern agricultural purposes,
resulting in safer and more effective methods for controlling agricultural pests. The
advent of newer delivery technologies, although mostly unproved, may provide an
opportunity to capitalize on other highly selective but prohibitively complex plant
protection agents.
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Chapter 8

Precision Farming: Technologies and Information

as Risk-Reduction Tools

Franklin R. Hall

Laboratory for Pest Control Application Technology,
The Ohio State University, Wooster, OH 44691

Precision farming (PF) or site-specific farming (SSF) is a relatively
new concept in the management of production agriculture. Rooted
in “management”, PF brings the information age and space-age
technology together with the science of producing food and fiber.
In this process, there exists an increased opportunity to reduce
environmental risks from pesticide use with improved
environmental stewardship and greater economic profitability via
more efficient use of scarce resources. PF thus is an example of
combining newer techniques of satellites, remote sensing and
computers with the familiar tools of soil testing, scouting and yield
analyses. Information can help farmers reduce pesticide use, lower
the need for insurance sprays, cut input costs and bring added
environmental and economic soundness to the forefront. In order to
exploit the potential for PF in accurately locating spatially variable
pest/weed populations, a system of selectively applying cpas’ (N,
etc) is thus required. Development of “patch” sprayers, which are
connected to computer-linked mapping, could allow treatment to
patches within the field. Requirements for information acquisition,
analysis, strategy development, delivery and evaluation of results
can be very intensive depending upon the state of knowledge about
the soil, N needs, as well as pest identification and development
profiles.  There remain serious questions about information
ownership and economic benefits to all farmers. The various levels
of information have to be well integrated in order to achieve an
understanding about crop health and pest abundance/damage
interactions, pest aggressiveness and invasion capacity, needed for a
sustainable agriculture.
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The increased world population in the next 25 years will necessitate increased
food production approximating a 60% increase over current levels of production.
Crop production chemicals have played a major role in achieving our current
successes. However, critics of agrochemical strategies (1-3) have maintained that
in spite of ca $25 billion for crop protection agents (cpa), which contribute to
both human and environmental risks, crop losses continue at an alarming rate.
Megatrends, such as capitalization, economics, technology transfer, policy,
environmental and legislative issues, global competition, and emerging
technologies will all significantly influence the potential for future cpa’s as well as
the structure of agriculture itself.

Risk reduction of our current crop protection tools and how well farmers control
the use of these chemicals is governed in part by the regulatory structure as well
as perception by the public. In some minds, risk reduction is synonymous with
reduced reliance on pesticides (3-5). However, one of the prime benefits of
cpa’s is the reliability of consistent crop protection from year to year and thus
reducing the uncertainties at the farm level. US production stability and price
performance is dependant upon this functional precept and use of such
technologies. This has led to the lowest consumer food prices in the world for the
Us.

Precision farming (PF) also called site-specific farming or prescription farming is
an emerging technology of managing agricultural resources and production
information. Concurrent with the hype brought on by the attractiveness of new
“WOW?” technologies is the implication that this new technology will immediately
greatly reduce the imprecision currently undertaken by our farmers as. they use
and deliver agrochemicals. This brief review summarizes the technology and the
key implications of the technologies, our current state of knowledge about the
manageability of the technology and the anticipated effectiveness of economic and
environmental gains from stepping into the next millenium with this technology.

Risk Reduction

Risk analysis of the hazards of new technologies has been placed into 3 phases
including risk identification, risk estimation, and risk assessment. Flora (6)
suggests that risk assessment criteria may be different for various disciplines.
Additionally, costs and benefits of crop protection tactics are also different
depending upon farmer risk aversions and his marketing goals, crop quality
requirements etc.. Thus who pays and who benefits from crop protection are
questions for sociologists, but disciplinary interactions are still lacking. Risk
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estimates of pesticide use are among the most controversial as the rules for health
risks Vs that of environmental risks vary enormously among disciplines. Our
ability to detect is far greater than our understanding of the risk itself.

EPA (7) presents an excellent review of the ecological risk assessment process.
Ecotoxicology is receiving greater attention recently because of the off-target
movement of these more active materials. While increased selectivity is the norm
with these new pesticides, increased environmental safety is also a common
benefit. Adequate quantification of the environmental effects of complex
interactions of chemical combinations on a spatial/temporal scale is a very difficult
process (8-9). Key questions on diversity, spatial and temporal sensitivities,
recoverability of the systems (frequently ignored), and loss impacts of interacting
pests require enormous data gathering and analyses especially when collected as
various levels of “patches”. Thus while the data is increasingly abundant,
information and understanding for predictive tactical/strategic action is the weak
link. Additionally, Marz (10) correctly identifies the significant differences and
value of crop protection information from such sources as surveys, market
surveys, station trials Vs on farm trials, on-farm information, and personal farmer
interactions, etc. If risk reduction is based upon the premise of reduced usage of
pesticides (rates, and frequency), then the value of such information in reducing
uncertainties associated with reduced dependence upon cpa’s is abundantly clear.
PF is predicted to aid this more efficient use of pesticide/fertilizer tools of
agriculture.

The current focus on input reductions and reduced reliance on single control
strategies (directional policies, global economy pressures or regulatory issues) will
require elaborate and comprehensive benefits assessments of any new
technologies. Perceptions by the public about produce quality and federal/broker
grading guidelines and use risk aversion, all impact growers’ prices that, in turn,
modify rates of technology adoption. Pesticides are relatively cheap insurance
tools, fast and convenient technologies (11). The risks, particularly in fruit and
vegetable crops, are high and pesticides save valuable management resource time
(off -farm income requirements). Pesticide use strategies are influenced by public
policies - commodity support programs, quality standards, global marketing, and
disincentives for diversification, and finally, respond to price, although current
prices do not reflect environmental costs (3,9). As summarized recently by Hall
(12), pesticides are spectacularly effective and easy to use in order to respond to
increasing food demands of an expanding population and reduce uncertainties in
an already risky venture - agriculture.

Under risk reduction policy objectives, one could ask what is the risk, to whom
and how do we define it (13)? If perception is reality, then the general public
considers the use of pesticides as an insurance against crop loss as a serious risk
and farmers use the technology too heavily. Solving the Delaney problem with
the enactment of the Food Quality Protection ACT (FQPA) while addressing
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some problem areas has opened the door for many other questions. These include
the serious implications of how to reduce risks from the elimination of
organophosphates and carbamates with the few alternatives available to the fruit
and vegetable and other minor crops (4,14). Pesticide reduction scenarios thus
take on various roles of --- from what to what, and engender the needed questions
--- how, when, at what costs, to whom, and at what risk(s) to the farmer and food
production industry. Overuse of cpa’s is not considered the problem by farmers
faced with million dollar investments already vulnerable to such risks as
meteorological variables (the 1997-1998 growing seasons). Thus, reductions in
uncertainties, by using documented and proven technologies is not an
unreasonable approach to improving food quality and production goals. PF seems
to offer some potential to achieve these longer-range goals.

PF as an Emerging Technology

PF is a systems approach as illustrated succinctly by Parkin and Blackmore (15 ),
and may require deeper understanding of processes to achieve a specific goal
(Figure 1). Spatial variation of crops, pests, organic matter, yields etc within a
field has long been recognized as a feature of farmland variables. Until recently,
little has been done to exploit this variability by using improved management with
emerging advances in technologies. Treating whole fields is an easy methodology,
which is now expanded to tactics which recognize pest explosions within the field
and treat as needed. These illustrations show that PF can link improved control of
pesticide and N application with information management to improve delivery of a
crop production tactic/chemical to specific sites within a field. In addition, the
goal might not be to maximize yield, but rather to maximize economic advantages
within particular environmental/economic constraints.  The general elements of
PF suggest an economic push and an environmental pull towards input reductions.
Several conferences on agricultural PF have thus far been published including an
international symposia (16), an agronomic conference (17), and a national science
committee report (18) and a summary written by academia and promoted by
industry (19). These represent the state of the art of PF both in the US and
Europe with many more conferences already organized for 1999-2000. At this
time, the research focuses on the ability to vary inputs of agricultural production
such as seed, fertilizer, and pesticides as adjusted for crop yields, tillage, planting
regimes, and soil characteristics based on scouting, monitoring, and harvesting.
Thus PF can be viewed within a cycle of processes for various functions
throughout the production phases of crops (Fig. 2).

Global Positioning System. PF requires a spatial positioning locator with a
technology originally developed within the military and consists of using satellite
signals to define positions on earth. An excellent practical review is given by
Morgan and Ess (19) on the practical aspects of GPS/GIS parameters of PF. GPS
can be used in two modes, a standard single receiver mode and a more accurate
differential mode (dGPS). GPS is the cheapest and easiest to use but has reduced
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accuracy due to positional errors (20 m vs 0.5 m). The dGPS has the second
receiver located at a site different from the tractor mounted device. Current uses
of the systems in agriculture mainly involve soil testing, field boundary mapping,
positioning for soil types and fertilizer treatments, yield mapping and a more
precise positioning of vehicles for applying fertilizers and pesticides.

Geographic information system (GIS). GIS integrates 2 types of data (1)
spatial, which defines the shape and location of places, and (2) attribute data
which describe organisms and things that happen there. Spatial data can be
developed into vector data separating geographical features and rastor data to
divide geographical units into cells and is used to map continuous data (Vs
discrete). The various GIS software packages now on-stream such as ArcView,
PS ARC/INFO, etc, are developing rapidly as is the ease of use and the power to
seamlessly integrate various levels of information. Still weakly supported is how
to use this information in predictive models and particularly for agriculture, the
rapid (economic) collection of pest and weed data. New electronic sensors should
provide some relief for this problem in the next 10 years. Easy to use decision-
making analyses thus remains a key constraint to a more rapid acceptance of PF
for agriculture

While a GPS can identify a location (of pests), it also needs a geographic
information system (GIS) to tell is what that something is - i.e., patch of weeds,
infestation, etc. --- if we have correctly identified and measured it. Storage of
yield information, fertility levels, recommendation, etc. with GIS systems can
provide it for every spot in the field. Thus a GIS is a software application that is
designed to provide the tools to manipulate and display spatial data. GIS goes
beyond just computerizing maps and can, with some use of overlays and linkages,
combine data sets with agronomic models and decision support systems (Figure
3). Spot spraying and treat as needed tactics have long been a legitimate IPM
strategies. This customizing of information about field health, productivity, etc,
can now be managed to a much higher leve]l. However, this integration of
information is the current weak part of the system envisioned to reduce pesticide,
etc. risks by identifying changes in management tactics.

Site-Specific Needs: Variable rate technologies (VRT), makes use of computer
operated field equipment, which accurately delivers the correct amount of
fertilizer/pesticide to a given point in a field. ~ This increased flexibility in
application equipment thus allows an infinite number of options to deliver a cpa
on an “as needed” prescription-like basis. =~ Well-organized integrated
information remains the key to optimizing this technology. Coupled with
new sensors infrared, optical, etc.), to identify targets within a field, an integrated
delivery system with patch capability can selectively deliver appropriate
concentrations of cpa’s. This would increase precision of pesticide/fertilizer
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Figure 3. Data Layers in PF
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placement both spatially, temporally, and in harmony with the environment,
growth stage requirements and site-specific needs. Evaluation of these new
innovations in sensors, VRT sprayers and GIS analyses are being summarized in
reports of initial studies on PF (16-19).

Given the potential to have a wide range in pest management needs at various
sites in a given field, then efficient delivery to that site is dependent upon the
following advances in system interface between GPS and application (20).

Geoposition sensor: usually a dGPS system with up to .5 m accuracy such
as the earlier Loral systems (21) and newer real time knematic systems (22) yield
position accuracy’s to ca 30 cm.

Ground Speed Sensor: usually by Doppler radar or wheel sensors allow
accuracy’s to 1-3% and support temporal resolution better than GPS and can take
care of speed latency errors (Dickey John Co.).

Field Sensors: used by applicators to determine target rates, these include
NIR organic matter sensors, and electro-magnetic induction sensors (16).

Target Rate-Field Log Maps. A number are now available for general
GIS use and include vector (nets of polygon vertices, while raster formats have
quicker data accesses. Management of regional data and transfer of data requires
good communication/linkage packages with standards for rapid exchange since
map accuracy, precision and legal issues are key concerns (23).

Applicator Rate Processing: rate commands are sent to the delivery
system which include communication links for monitoring and control with
appropriate standards ie; EIA-485, (20).

Networking: Various systems also include accurate distributed controls
combined with standard interfaces of 3 pt hitches, and connections needed for any
site specific delivery (24). New advances in fiber optics and wireless
communications will add significant advantages to PF delivery systems (25). The
limits of cost and field support are extremely relevant to the advancement and
acceptance of PF technology throughout US agriculture. Neural nets and fuzzy
logic control theory will add to this potential over the next few years (26).

Operator Interface: clearly an area which can be enhanced with visual cues
at the seat to adjust for changes in the system. Virtual terminal access, etc will
upon approval of standards and offer advances beyond the numeric/tonal displays
now being offered. Again, costs are significant at this stage of development.
However, the advances being shown to the public via the “Navigator” and “On-
Star” systems being installed in personal cars at options costs of $1200 or so,
offer hope that economical agricultural advances will follow.

Emerging technologies. Emerging spray application technologies (27) center
around - pesticide risk reduction thrusts as spray drift mitigation. These
developments include air-assist nozzles, shrouds and adjuvants which increase
drop sizes to reduce drift, as well as the new air induction nozzles and variable
rate nozzles (Table 1). These advances in pesticide application technology (PAT)

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Downloaded by NORTH CAROLINA STATE UNIV on September 23, 2012 | http://pubs.acs.org
Publication Date: July 16, 1999 | doi: 10.1021/bk-1999-0734.ch008

104

*

*

*
*
L 2
*

*

Table I. Emerging spray application technologies

WHAT
Drift Reduction

HOW

Air-assist, shrouds, low psi,
adjuvants, EL, nozzles

Control of Vol, Drop Size ~ Twin fluid, VR nozzles

GPS/GIS

Pest Detection
VRT

Decision Models
Biotechnology

Monitor, site-specific, maps
Laser, etc. monitors
On-the-go/site specific

Trt mgt assistance

Plant resistance, value-added
genome

Table 2. Expectations of pesticide application technology

+ Injector Nozzles

¢ Air Assistance

+ Sensors

+ Site-Specific

¢ Model Processors
o Electrostatics

+ Recycling

+ Inspection/Standards

® Reduce drift, better performance,
low cost

@ Reduce drift, better cover,
perfotmance + savings

® High cost

(® Savings in Al, reduce drift

© High cost

@ Savings, as needed, records

@ Still in development, cost benefits?

(® Combine equip, low costs

(© Costs of acquisition, limited

@) Savings?

(© Robustness, flexibility, costs

(® Product savings, reduced ground +
drift contamination

© Costs, needs dwarf trees

(®) Savings + accuracy increases

(© Costs to government / farmer?
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have significant expectations (Table 2) in terms of the increases in delivery
efficiency (hence reduced on-site and off-site risks) (28). Costs, legislation
incentives and or public pressures will dictate whether these systems will advance
into the practical realm of usage by the farmers of the next millenium.
Improvements beyond the technical equipment parameters involve improved
education and training of applicators for standard and new use procedures,
cleaning and calibration practices, user protection and general Best Management
Practices (BMP). Typically, the misapplication factors involve poor calibration,
equipment malfunctions, and mismatch of chemical mixes with plant needs, etc.
In reality, wrong field applications and spray drift account for 41% of all
misapplications (29). This suggests that PF technologies coupled with
educational thrusts/farmer mentoring, etc, can improve the efficiency of the
current cpa delivery process. Although traditional leadership in these areas has
been accomplished via government organizations, there is more pressure for the
chemical industry to actively participate in these activities. Risk reduction issues
(brought on by environmental and human exposure risk issues) focus on the
modification of field edge practices, and the proper matching of equipment and
plant needs with greater attention to an understanding of the potential technology
solutions. Farmers are under serious economic pressure to improve the profit
margins, ie., the 1998 grain and pig prices. Some government/insurance programs
aimed at increasing farmer knowledge about crop protection options and
adoption of risk reduction technologies, such as PF, could improve the rate of
adoption where environmental issues are a priority (28).

Advances in Variable Rate Sprayers

The capability to define a specific location within a field, which may require
additional fertilizer, seed, or pesticide treatment, then requires the application
system to deliver upon demand. Poorly calibrated sprayers and variation in
travel speed have resulted in numerous advances to control delivery, automation
or controls, etc. in order to account for variables of speed, or changes in the rate
of application. Anderson and Humbug (20) suggest 5 systems comprise an array
of pressure-based flow controls, and various chemical injection and direct nozzle
combinations. Both pressure and control based flows controls regulate the
delivery of a chemical-carrier premix through the nozzles but which change the
distribution across the boom swath if the nozzles are worn or damaged. An
alternative is thus chemical injection where there is no premix to dispose of and
multiple pumps handle the delivery with positive displacement pumps to meter
agents into the carrier stream matched to boom width, travel speed, and desired
broadcast rate. The principle limitation here is the transport delivery between
injection point and nozzle discharge. Alternatively, placement of chemical
injection points close to the boom and nozzles significantly reduce transport
delays and volume changes (29), but which requires special non-traditional pipe
networks and connections. Control systems can be developed to anticipate rate
changes/delays and/or make changes early but requires spatial/temporal/logistic
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solutions. Direct nozzle injections appears to solve the delay dilemma (30) etc but
require numerous additional chemical lines, and metering mechanisms, and a
solution as to how to deal with the left-over material in these lines in disposal and
clean-up etc (31).

Controlling both carrier and chemical has advantages in that response times are
essentially the same as the response time of the flow control system. Currently,
nozzles represent a limitation to this approach since both drop size and flow rate
are functions of the pressure drop across the nozzle orifice. This creates a limited
range of rates since pressures must be increased by 4 to achieve a doubling of the
chemical application rate. Since spray drift with increasingly powerful actives is
becoming a disturbing problem with urban growth, people and sensitive sites,
(water, etc,), but this pressure range is unacceptable. New nozzle advances have
shown the potential to overcome these serious problems in 2 separate ways; (1)
adequate performance of nozzle over extended pressure ranges , as with the new
designs — air induction low volume nozzles and /or, (2) an alternative solution
shown by the Synchro system (33) which under constant pressure/volume can
produce significant changes in the spray cloud characteristics, thus adding
considerable flexibility (and toxin use efficiency) to crop/pest needs.
The recent series of mergers of large equipment companies yield an uncertainty
about the evolution of GPS/equipment technologies made available to certain
commodity producers.

Information Requirements

Weeds represent a major target for patch spraying since weeds can occur in the
absence of crop, in known patches, between crop rows and interspersed with the
crop. Scattered about the field which can be followed with the use of weed
infestation maps (labor intensive), or in the case of planted fields, improved
sensors can identify any green thing as a weed, or newer sensors capable of
differentiating weed structure is also possible. Such systems have shown
remarkable reductions in pesticide use rates (90%), with even dual boom systems
using 2 rate concentrations. More difficult than the between row sensing is the
weed interspersed with the crop. Methodologies using reflectance and
morphology have been successfully utilized but commercial systems are some
years away (33). Perhaps even more intriguing is the discussion brought forth by
Cardina et al (34) who ask for deeper research on “what if” advancing weed
patches are broken up? Does this weaken competitiveness or strengthen weed
advancement profiles? Thus short term and long term implications need to be
considered on a total farm management basis (Fig. 6). Clearly, the information
complexities brought forth by GPS/GIS capabilities will escalate enormously as
the technology infrastructure strengthens.

Clearly information intensive, the acquisition and integration of the layers of
widely different kinds of information (Fig. 3) into a practical usable model will be
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the acid test. Some critics of the technology still insist that this high-tech approach
to crop protection is not the route to a sustainable, economically viable, and
ecological sound agriculture. Many organizations and agencies ie., US
Geological Survey, USDA-ARS, and NRCS, US EPA, the University systems,
and the crop protection and equipment industries with their dealer systems are
waiting for the appropriate time to deliver this technology in the new millennium.
While it is not necessarily prudent to be the first on the block, clearly there are
signals about agriculture, information content and structure. Farmers,
organizations, suppliers, etc, need to be both cognizant of and more importantly,
prepared to initiate a step up in strategy assessments. Historical trends, data,
assessments, i.e., knowing where you are, where are the weakness on the
farm (field/crop wise), and the what-if’s of changing practices are all vital
tools for impact assessments for new strategies. Farmers need to be aware of
data needs, the clarity of information, and establish clear “goal agendas” if they
are to make effective use of these emerging technologies.

Biological data from GPS/GIS data acquisition can provide valuable clues about
ecosystem viability and functionality, and the movement in space and time of
pests/weeds. With the newer geostatistical tools, PF can help us integrate what is
happening with proposed changes in crop protection strategies (34,43). A recent
summary of GIS utilization case studies for managing natural resource landscapes
(44) shows how local, state, national agencies as well as private industry are
developing the framework for measuring and analyzing resource utilization.
Complete with demonstration copies of ArcView GIS samples, sources of
national resource web sites add to the power of well-organized and time
forecasting. The current weakness in landscape spatial issues, is the point-data
analyses which begin the more difficult tasks associated with theory, ie,
identifying the scale and understanding the nature of the spatial structure.
Pesticide resistance management and good stewardship demand a tracking of
refuge and genetic engineered planting spatial relationships. Herein lies the
additional worth of this technology as the influence of biotechnology on
agriculture escalates with large-scale plantings of genetically-modified plants.

Remaining Questions About PF Technologies

The fragility of global financial markets in 1998 has shown remarkable direct
influences on the buying strategies and hence, US grain prices. The weather (El
Nino/La Nina) influences continue to demonstrate enormous power to disrupt
vast US grain/food production potentials. Will technology be able to rescue the
farmers from these and other factors influencing their profit margins in coming
years? Alternatively, for some farmers, input reductions may be the only recourse
of action. It remains an interesting “tug of tactics” between using technology
adoption to provide solutions Vs input reductions via alternative agriculture
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tactics. Meanwhile there is continued pressure to grow more food for a
burgeoning world population.

What are the remaining key issues to be resolved? They include: (1) identification
of the economic benefits of spatially variable crop protection measures for the
average farmer, (2) development of intelligent data-based models and simplicity of
the analytical/prediction GIS assessments, (3) questions about yield mapping
benefits for the majority of farms, (4) yield interpretation models, (5) the need for
simplicity in managing spatially variable inputs to improve the measure of
uncertainty values in data sets, and (6), the questions of farm size on technology
adoption (35-37). The effort to organize farm records, with spatial functions to
create a GIS is a useful exercise even if records stay in the shoe box and spatial
data remains penciled in on aerial maps. It does stimulate thinking about farm
goals, and deeper issues of why certain field areas contributed less than optimum
to farm income. How well the GIS is organized, in the layering to accomplish this
increased learning capacity for the managers, remains the weak point and the
focus of many future symposia about PF. Data is abundant, but information
remains obscure in that we require alternative statistical analyses even beyond
geostatistical programs (35-36). Can we fine-tune farm inputs recognizing that
economic analyses are incomplete so that beyond pesticides, genetic engineering,
crop rotations, and diversity will achieve optimal yields without over-dependence
upon “insurance” methodologies of pesticides?

Since the bulk of PF development is still coming from the private sector, data
privacy is a serious hurdle. This is especially relevant when it becomes obvious
that the data, which has value beyond the farm gate, is out of control by the
individual farmer. The transferability of this information could have significant
value to potential users such as other farmers, agribusiness, processing firms for
new market trends, as well as extension education and regulatory oversight and
could be a sensitive area. This is similar to events now occurring at the
neighborhood grocery store which issues “advantage” cards for purposes of
obtaining added discounts. The card also records user purchases, timing, and an
array of information about food purchase decision-making. Finally, with
biotechnology companies increasing their control of seed companies, this
integration of US agriculture is likely to have a significant impact and change on
traditional farmer crop production decisions.

As farm supports change (FAIR) and increase crop diversity, advisors become
more valuable assets for planning farm tactics. Farmer goal setting processes thus
have a unique opportunity to be reassessed by industries attempting to influence
how, what and when they undertake a management practice. Critics of
technology say it is much too narrow and we should be doing more studies of
farmer behavior and goal setting components (38) especially under risk taking
tactics. There still remains a misperception by the public of why pesticides are
used in crop protection. This only exacerbates the on-farm dilemma of how far to
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take on new expenditures for risky production tactics under the current
commodity prices.

Adoption rates of new technologies will impact on future developments of this
technology. As illustrated by Lowenberg-DeBoer (39) in a historical perspective
of adoption of corn hybrids, the adoption rate of PF is likely to have similar delays
and problems unless we understand what influences technology adoption (Figs 4
and 5). Hewitt and Smith (35) summarize the concerns of many about PF trends,
which on the surface represent a new way of managing ag resources and
production information for the potential good of the environment and production
goals. PF has certain characteristics which make it unique from other agricultural
innovations. To date, PF has been primarily a private sector endeavor, and certain
elements of the technology may never be controlled/owned by the producers.
Effective on-farm use of the PF data continues to be extremely information-
intensive (requiring a sophisticated manager, trained dealer) and this information
has value beyond the farm (35). Can PF be made more scale neutral, aid input
reductions (hence reduce environmental intrusions), and do more than just
increase efficiency? Since information has power, can producers control their
own destiny and management goals with the use of PF? Will PF exacerbate
environmental and social costs associated with input-intensive agriculture (36)?
This array of interesting questions about goal-setting, visionary farmers and the
precision level of the average farmer, and potential for problem solving (35-37)
may all be hidden in the reality of the global economic crisis, hence effects on US
grain prices. These, among many questions, are typical of those being addressed in
forums of International meetings (16-19), various reports, and News articles (40).
They represent difficult, but practical questions which need to be addressed. As
cries for increased effort from the public sector are raised (40), efforts by the
Deere group and others (19), EPA (for N impacts)) NRCS (soil
conservation/erosion), and the USDA (production), are moving to support PF
research needs, (37-39, 40). However, the jury is still out on whether, in fact, we
can detect economic benefits from the array of PF management changes taking
place within a field.

The National Research Council (18) and others suggest we need to focus on
several goals. These multidisciplinary approaches to PF include: (1) create data
gathering and analysis tools for agriculture, (2) clarify intellectual property
and privacy rights with public organizations involved here, (3) link rural
connections in the internet, (4) provide unbiased assessments of economic and
environmental impacts of such sustainable management, and (5) educate and
train professionals. Nevertheless, the technology is advancing rapidly to
increase the precision of farmers and their interactions with mentors. These
tactics are all aimed at “an improved use of information”, both existing and
layered. How well we organize that data, and prepare for active discussion on
long-range assessments of technology, will insure PF a significant position in
future US agricultural practices.
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Dissemination of PF technologies will be aided by electronic information sites on
the WEB. Selected resources include the mega links such as the ESRI web site
at esri.com/arde which serves as a universal spatial server for ARC/INFO. ARC
NEWS (ESRI) offers clear updated information on related sites, GIS news and
insight into future offerings and developments about databases, new models, GPS
interactions, etc. Other PF sites include: http:www.agriculture.com and
http://nespal.cpes.peachnet.edu/pf/ . PF equipment systems resources, such as
John Deere, Case, New Holland, AcChem, etc.,with the GPS dGPS sites of
Rockwell, Trimble, Starlink, etc., and the GIS mapping dealers, Maplnfo, Farm
Works, ESRI, GIS world, etc. are the major players attempting to exploit PF for
agriculture. VRT technologies offered by AgChem, Tyler, etc, and an excellent
glossary provided in an easy to read guide on PF for farmers (19) all provide
valuable resources. There also continues to be an escalation of world
conferences hosted by the major scientific societies.

Beyond Pesticides/Fertilizer Placement Precision

The automatic sensing of pests and weeds among crops is a next logical
development and require a “fast response” characteristic linked into delivery
systems. Even greater benefits could come from positioning sprays within
canopies in a form of “micro-targeting’. These systems could really lead to very
low dose applications and a truly target —oriented approach to pesticide delivery
(15) and significantly reduce Al/acre. The use of GIS technologies, however,
offer potentials to go far beyond the development of more precise pesticide
delivery systems for agriculture. These interesting uses range from the very
practical to ecologically based hypothesis testing. First, there are the aquatic risk
assessments for EPA, which conventionally utilize conservative worst case
assumptions using the following parameter examples:

10 ha watershed is 100% cropped with cotton,

Cropping areas occur up to the water edge

Maximum #applications at maximum rates applied by air

Winds blow towards the water and there is no marginal vegetation.

ol

5.
Under the auspices of the pyrethroid working group and the exposure modeling
group efforts, Zeneca and others in a team work environment (41-42) have
attempted to use GIS to examine the landscape via satellite imaging to show:

1. size classification of individual fields,

2. margin relationship to water and crop

3. spatial distributions around ponds with directional components

4. buffer composition
These initial spatial and temporal risk assessment analyses show that (1) EPA’s
default landscape assumptions overestimate exposure, (2) many fields are never
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affected by the insecticide, and (3) physical buffers do exist and can mitigate drift
and run-off. Thus, GIS tools have interesting value in (1) determining how
potential environmental exposures occur, (2) can characterize the
agricultural landscape, (3) can provide verifiable data for refining model
assumptions and (4) lend clues for the development of practical farm
management action plans using buffers, BMP and drift mitigation tactics. A
higher level of analysis, however, will require increased integration of spatial crop

. information, crop production practices and environmentally realistic exposure

predictions.

The second example of potential GIS usage involves the tracking of transgenic
fields, wherein the spatial relationship of these plantings can be tracked relative to
spatial orientations of non-transgenic field plantings (for resistance management,
etc). Given the state of the number of acres now being planted to genetically
modified seed, this would seem to be a logical research focus for the next 5 years.
Third, ecological systems are spatially heterogeneous, with complexity and
variability in time and space. A comprehensive review of maps and spatial point
data analyses and interpretations strongly suggests there are opportunities to
improve compatibility’s of point-data analyses with ecological theory (43)
including geostatistic alternatives to patch-based approaches when system
properties vary with space and time. Using heterogeneity indices to advance the
linkage between patterns and processes (scale of patchiness with
geostatistic/fractal techniques) can add to advancing ecological theory. Cardina et
al (34) also suggest the need for a greater understanding of the more intensive
landscape management potentials of GIS technologies wherein patches of weeds
are broken up thus creating a myriad of weed aggressiveness. Monitoring and
managing decisions for long term views to minimize land use risks thus become
much more information intensive and require increased research team
communications beyond our current levels (Figure 6).

Summary

The ability to vary inputs in a field defined by a site-specific need is critical for any
development of site-specific management. The technology to utilize variable rates
is available. Soil maps showing soil types, integrated with N requirements,
plus/minus historical crop responses, is a laudable goal in optimizing N utilization.
Adding risk management tactics can be as easy as changing spraying tactics in
high risk farm border areas to advancing weed patch tactics with as needed
herbicides, to better understanding ecological dynamics of various pest, weed
infestation movements. With VRT and economic/ecological/environmental impact
assessments, there is an enormous jump in requirements of logistics, equipment,
labor and management resources especially decision-making. This will require
government support if projected advances in IT, PAT, GPS/GIS are to increase
more rapidly than projected. While promising to reduce cpa usage, the potential
increase in risks of crop failure may not be reduced unless we have greater
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attention to a wider arena of team research involving more stochastic processes.
This problem will need to be addressed if such strategic goals are to be achieved.

Clearly, economic benefits have thus far been a serious weakness and as
global economies and weather affect farm prices (as in 1998), then acceptance of
these advances will continue to lag behind development. Education, training,
and the sensitive issues of data ownership and data privacy have to be
addressed by public organizations. IT via the WEB, new partnerships between
agricultural cooperatives, or value-added resellers will add significant pressure to
acquire this technology. Can we project that the grower, faced with increasing
cost pressures, stay in business, organize a good future for his farm with reduced
inputs or will it take extremely far sighted mangers to see the value of complexity
made simple via IT with elegant GIS maps/projections. Can we also utilize PF to
enhance IPM stage II strategies wherein field borders (invasion points) can be
identified and treated differently than the inner sections (reduced pest
infestations)? Clearly, the use of GIS for fundamental ecological/pest movement
dynamics and risk reduction (chemical exposure scenarios) will enhance
probabilities of acceptance. We shall see.
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Chapter 9

Human Exposure Assessment in Risk Perception
and Risk Management

R. L Krieger

Personal Chemical Exposure Program, Department of Entomology,
University of California, Riverside, CA 92521

Although there is concern from many sectors of society about
health and risks associated with pesticides and other chemical
technologies, there is little appreciation for the magnitude of
unintentional, unavoidable, and accidental exposure. Even in cases
when basic recognition of dose-response relationships seems
evident, linear “zero” exposure extrapolations often result in
predictions of harm from trivial chemical contact. Risk assessment
may be a means to promote more objective evaluation of chemical
exposures. Biological monitoring can clarify the extent of
chemical absorption associated with particular activities which
include chemical contact. Measurement of exposure can establish
a basis for developing perspective. Barriers which limit pesticide
uptake by mixer/loader/applicators include label uses, engineering
controls, personal protective clothing, worker protection standard
clothing, personal hygiene, and dermal absorption.  Post-
application exposures of harvesters and persons contacting residual
pesticides sprays on treated indoor surfaces also have exposures
related to source strength and activity. Recognition of the
magnitude of these recurring, no-effect level exposures of very
substantial numbers of people may contribute to the development
of more balanced views of the significance of pesticide exposures
of the general public that are associated with the diet, water, air and
non-occupational activities.

Risk reduction in the use of pesticides is an important concept that is defined
differently by regulators, manufacturers, product representatives, pest control
advisers and operators, pesticide handlers, harvesters, retailers, consumers and
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their advocates, and politicians. Common risk reduction strategies include
engineering controls, substitution of less toxic products, personal protective
equipment, behavioral modification, regulatory and institutional responses and
protective clothing. By developing of more accurate personal chemical exposure
data, the risk of exposure to chemicals used as pesticides can be reduced.
Without modifying pesticide use practices or using “safer” pesticides, more
accurate human exposure data can result in risk assessments that are less reliant
upon default assumptions that inflate exposure assessments and may misguide
development of mitigation measures.

Pesticides are virtually never used in a pure form. Whether isolated from
an aboriginal poultice, the tars of a synthetic organic chemist, or a biochemist’s
broth, a pesticide active ingredient is one chemical among many chemicals.
Discovery of beneficial killing activity of a substance results in the formulation
of an active ingredient in a more simple and better defined matrix used to deliver
the active to its target. No other economic class of chemicals is so extensively
used to minimize the impact of our competitors for food and fiber, shelter, and
vectors of disease.

Current concerns about risk, the probability of an adverse effect resulting
from chemical exposure, is driven by the reality that pesticide use is inevitably
and inextricably linked with human exposure. In the overwhelming majority of
cases, these exposures are similar in magnitude to those attributable to natural
products or artifacts of other chemical technologies and sufficiently low to be
benign to health. Except in rare accidental episodes, most unintentional and
unavoidable human exposures to active ingredients and their derivatives result
from pesticide persistence and distribution of very small amounts in human
environments. Because of the inherent toxicity of pesticides to pests and a
poorly informed and confused public, immense resources are annually
committed to documenting the fate and transport of some pesticides in a variety
of matrices including air, water, soil, plants and produce, foods and feeds,
wildlife and, to a much lesser extent, humans.

Success or failure of exposure reduction measures are judged by using a
toxicological standard- the no observed adverse effect level (NOEL)--resulting
from hazard identification and dose-response studies in animals. Minimizing
risk resulting from absorption of chemicals used as pesticides entails reducing or
mitigating exposure relative to the NOEL. Exposure is the measure of the
environment leading to a dose. It is measured as the concentration of a chemical
in the matrix in contact with an organism (human), integrated over the duration
of the contact (/). Absorbed dose (internal dose) is the amount entering
systemic circulation after crossing a specific barrier such as skin, lung, or
digestive tract. Absorbed dose is the unit of measure used in calculating margin-
of-exposure (margin-of-safety), the ratio of the NOEL to absorbed daily dosage
(ADD, mg/kg/day). Although both the numerator and denominator of the
margin-of-exposure (margin-of-safety) expression commonly include default
assumptions resulting from incomplete knowledge, the accuracy of pesticide
exposure assessments can be improved so that apparent risk can be reduced.
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Organophosphates are particularly useful tools to study the relationship
between use and human pesticide exposure because of their many patterns of
use, similar product chemistry, and well-characterized disposition in humans and
the environment. The rapid clearance of metabolites in urine, that are stable
biomarkers of oral, dermal, or inhalation exposure, is particularly important to
exposure monitoring.

This paper discusses pesticide exposure data collected in the Personal
Chemical Exposure Program, Department of Entomology, University of
California, Riverside, on unintentional or unavoidable exposures from the
normal use of registered products of pesticide handlers
(mixer/loader/applicators), harvesters entering treated fields, and persons living
in pesticide-treated residences. The exposures resulted from organophosphate
use as a dormant spray, organophosphate insecticide use in protection of row
crops, and finally organophosphate use in control of flies and fleas in California
homes.

Methods.

The approach for determination of exposure and pesticide clearance is similar in
each case: establish the insecticide to be used, where it will be used, and
identify the population of people that will be exposed. Careful consideration of
the nature of human exposure will usually result in selection of an appropriate
means to measure a biomarker of ADD. In these cases with organophosphates,
measurement of blood and plasma cholinesterases or urine biomonitoring were
options, but urinary metabolites are unquestionably more accurate for sensitive
and specific analysis at normal levels of exposure.

Biomarkers of Exposure and Absorbed Dose. Several organophosphate
insecticides were used as indicators of human exposure. They include
chlorpyrifos, diazinon, methidathion, naled, and malathion. Their metabolism at
non-toxic, low doses in humans is similar. Urine clearance of the common alkyl
phosphates (AP) usually includes more dialkylthiophosphate than
dialkylphosphate. Des-alkyl products have not been measured at normal levels
of exposure. It seems likely that hydrolysis is quantitatively more important
than desulfuration in biomonitoring. Unfortunately, the dialkylphosphate esters
are detectable at about 25 ppb in urine making them unsuitable for most
exposure monitoring. The vast majority of human (e.g. 60 kg) exposures will
result in clearance of dosages less than 1 ug equivalent organophosphate (FW
OP= 300) per kg body weight (25 ppb AP X 2.y /1.5 L urine/60 kg).

Malathion yields the expected mono- and diacids as well as the
corresponding dimethyl phosphates that have considerable utility for human
monitoring. Detection limits for the acids are 2-4 ppb, about an order of
magnitude below the limits for the dimethyl products produced in lower
amounts and with higher detection limits. The metabolites are stable in urine
and cleared rapidly following dermal, inhalation or oral exposures.
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Leaving group analysis facilitates determination of the estimation of
chlopyrifos, methyl- and ethyl parathion, and diazinon. The leaving groups,
trichloro-2-pyridinol, p-nitrophenol and 2-isopropyl-6-methyl-4-pyrimidinol, are
excreted as conjugates that must be hydrolyzed before analysis. Recent illegal
methyl parathion use and follow-up remediation efforts were guided, in part, by
urine biomonitoring (2). However, because the leaving groups themselves are
also produced in the environment (3), their detection in urine may not always be
associated with exposure to the parent insecticide.

Biomonitoring permits investigators to quantitatively relate human
exposure to experimental dose-response studies. The trichloro-2-pyridinol can
be measured in human urine at about 4 ppb (limit of quantitation, LOQ). If we
assume a urine production of 1.5 L/day for a 70 kg male, the estimated absorbed
dose at the LOQ for the method would be about 6 ug or the ADD would be 0.1
ug/kg. That will provide an ample range between the default of the dosage
determined by 1/2 the LOQ, NOEL, the lowest observed adverse effect level
(LOEL), and the lethal oral dose to 50% of an experimental rat population
(LD50).

Pesticide Handlers. Workers who mix, load, and apply have the opportunity
for high exposure and associated risk. Their work has been safened during the
past 50 years by many innovations related to pesticide formulation (e.g.,
powders vs. granules vs. liquids vs. water-soluble sachets), closed transfer
technologies, improved hose fittings and couplings, application methods,
personal protective clothing, plus additional methods and techniques
implemented to reduce risk. It remains true that the exposure reduction potential
of most of these procedures has not been assessed using estimates of absorbed
dosage (4), but their positive impact on the workplace is clearly evident in
modern agriculture, urban pest management, and vector control.

Initial efforts to assess human exposure were guided by the reality of
over-exposure and organophosphate toxicity in handlers and harvesters. Griffiths
et al. (5) monitored the inhalation exposure of parathion applicators using
respirator filter traps. Shortly thereafter, Bachelor and Walker (6) reported
potential dermal exposure after analysis of pads affixed to clothing during
routine work activities. The critical studies of Durham and Wolfe (7) revealed
means to measure potential exposure and demonstrated the importance of dermal
exposure.

Many studies of worker exposure followed and results are represented in
databases such as the Pesticide Handlers Exposure Database (8). The database is
a useful tool but requires additional information to achieve reasonable estimates
of ADD. Potential exposures estimated by the use of cotton patches inflate
potential dermal absorption (PDE) because of their placement, size, and
propensity to retain pesticide spray particles. PDE must be factored by clothing
penetration and dermal absorption to yield a reasonable estimate of exposure and
risk. The clothing penetration problem may be overcome by use of a whole
body garment, e.g. union suit or “long johns,” as a dosimeter beneath the work
clothes. For the purpose of estimating ADD both clothing penetration (default
10%) and dermal absorption must be weighed-in to permit calculation of ADD
from the PHED.
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Clothing Penetration. Work clothes are an important protective barrier against
direct skin contact. Early investigators used inner and outer cotton gauze
patches to assess the penetration of pesticides in handlers. Recently,
investigators at the California Department of Pesticide Regulation have analyzed
registration data by regression analysis. Their work using a large sample of
pesticide registration data confirms the protectiveness of clothing. Their analysis
also shows that low rates of application result in greater clothing retention than
higher rates.

The accuracy of PHED-projected worker exposures and the
protectiveness of outer garments was recently evaluated in workers who applied
dormant oil-organophosphate sprays using air blast equipment in the Central
Valley of California (9). Handlers wore either Tyvek®-Saranex® and Kleengard
LP®, and urine biomonitoring was used to measure alkyl phosphate clearance of
the handlers who applied organophosphate-dormant oils. The barrier properties
of the garments with respect to day-to-day exposure were identical during a 2-
week study period. The ADDs ranged from 6 ug/kg to 8 ug/kg based upon the
equivalents of chlorpyrifos, diazinon, methidathion, and naled applied using air-
blast applicators. These ADDs are less than those predicted by the PHED
database even when the model is adjusted for clothing penetration (10%) and
default dermal absorption (10%).

Body Weight. Before consideration of harvester exposures, an additional factor
of importance to both handlers and harvesters is the denominator of the
expression of ADD (ug/kg bw). Body weight is too often forgotten or
overlooked in estimating ADD. Persons of different body weights participate in
exposure monitoring work. These exposures are ultimately expressed as dosage
so the estimates can be related to dosages from animal studies as part of the risk
characterization process. Although there is likely a relationship between body
weight, surface area, and absorbed dose, there is no evidence for determination
of absorbed dose that any factor is more important than personal behavior or
work practices. The unit of exposure is the individual, and when feasible
absorbed, dose should be expressed on a per person basis or normalized by
measured body weight. When workers participate in exposure studies, it
contributes to accuracy to record actual body weights, rather than to assume
when the final report is being prepared that the 70 kg default man, 50 kg female
or 60 kg person should be applied. A recent series of weighings of pest control
operators (PCO) in California provided a memorable example of the importance
of measured body weight. The workers who volunteered for the study were
attending periodic PCO training meetings sponsored by Target. Use of the 70 kg
default body weight for this group would result in a 29% overestimate of the
absorbed daily dosage (mg/kg). It is difficult to conceive of a single factor in the
exposure algorithm that can so significantly effect ADD.
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Harvesters of Treated Crops. In the 1950s excessive organophosphate
exposures, particularly ethyl parathion, occasionally resulted in
acetylcholinesterase inhibition and poisoning of workers harvesting treated
crops. In other cases episodes of contact dermatitis were attributed to contact
with pesticide treated crops. These acute illnesses resulted in a protective
system of reentry intervals on a specific crop/chemical basis. More recently,
reproductive and developmental toxicity and chronic exposures have become
concerns. Since work clothes and the time interval between pesticide
application and significant worker contact with treated foliage are the most
effective means to protect harvesters from excessive exposure, both are
important elements in the development of contemporary exposure-based entry.

Exposure-based entry intervals represent an important application of risk
reduction strategies (/0). The empirical relationship between dislodgeable foliar
residues (DFR, ug/cm?) and dose initially described by Nigg et al. (/) and
Zweig et al. (12) (see Figures 1 and 2). Potential dermal exposure (/3) or hourly
dermal exposure (DE,, ug/hour) results from wransfer of pesticide from treated
foliage to outer garments. Transfer to exposed skin (dermal exposure) results
from clothing penetration or direct contact with skin. Transfer factor (TF,
cm?/hour) was derived from exposure data collected from harvester exposure
monitoring. Under most circumstances inhalation and ingestion are considered
negligible for the establishment of protective entry intervals. This PDE (or
hourly dermal exposure) can be expressed in the following equation:

PDE or DE, =DFR x TF

Appreciation of the importance of the extent of contact transfer resulting
from particular work tasks has improved the usefulness of this means for
estimating worker exposure. To estimate absorbed daily dosage (ADD, ug/kg
hours per day (H/day), for contemporary risk assessment, measures of the
protectiveness of clothing (10% penetration), dermal absorption (ABS, %/24
hours), and body weight (kg) must be introduced and can be calculated as:

ADD (ug/kg /day) = (DE, x ABS x H/day)/kg bw = (TF x DFR x ABS x
H/day)/kg

From this equation, the estimated ADDyg, at the Safe Level (SL) or the
DFR, can be estimated as:

ADDyg, = [(TF x ABS x H/day)]/kg bw x DFR;
or

DFRg, = (ADDg; x kg)/(TF x ABS x H/day)
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In [DFRY = In [DFRy} + KT (where K = dissipation rate)
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Figure 1. Determination of postapplication entry intervals. Typical first
order decay of natural log dislodgeable foliar residue (DFR). Inset uses

linear ordinate.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.

ts
Time (e.g., days or hours) Post-Application

123



Downloaded by UNIV MASSACHUSETTS AMHERST on September 24, 2012 | http://pubs.acs.org
Publication Date: July 16, 1999 | doi: 10.1021/bk-1999-0734.ch009

124

45

4.0

3.5

3.0

lllllllllldlﬁ‘

ADDg (SL = safe level)

N
(3

g
o

llll1l]llllllll

1.5

Absorbed Daily Dosage (pg/kg BW/day)

i
|
|
|
|
|
|
|
|

1.0 R ERERA NN NN NS FNEEE RN

o

ts.
Time (e.g., days or hours) of Reentry

Figure 2. Decline of estimated absorbed dosage. Natural log of absorbed
daily dosage at a safe level identifies time of safe reentry. Dong and
Ross, California Environmental Protection Agency, personal
communication.

In Pesticides: Managing Risks and Optimizing Benefits, Ragsdale, N., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 24, 2012 | http://pubs.acs.org

Publication Date: July 16, 1999 | doi: 10.1021/bk-1999-0734.ch009

125

In, the logarithmic decay of DFR (Figures 1 and 2) is linearized by the equation,
In [DFRy ] = In[DFR,] + Kt
and
t= {In[(ADDg, x kg)/(TF x ABS x H/day)] - In[DFR ]} x K"

In 1995 and 1997 malathion exposures of strawberry harvesters at
Watsonville, California, were monitored. The mono- and diacids of malathion
were monitored in 24-hour (1995) and moring (1997) urine specimens. The
DFRs were 0.15 ug/cm’ and 0.064 ug/cm’, respectively (Table 1). The
measured TFs were calculated as 2,053 and 1,834 cm*h.

Hands as a Route of Exposure. Hands account for only 5.2% (range 4.6-7.0%)
of the body surface area of adult males (14), yet they are singularly important in
the dermal absorption of pesticides in the workplace. Recognition of their
importance as sources of pesticide exposure is not new (7), but the estimation of
the quantitative contribution of hands to absorbed dose is very poorly studied.

Most estimates of hand exposure are based upon the relatively large
amounts removed from the hands by rinsing, washing, or absorbent gloves.
Hand rinses are collected in various solutions ranging from aqueous surfactants
to neat isopropanol or ethanol, depending upon the physicochemical properties
of the analyte. Similarly, cotton gloves may be worn as the work (contact)
surface or beneath protective gloves during normal activities to sample potential
dermal exposure. Pesticide residues retained on the skin but unavailable for
dermal absorption results in overestimates of dermal absorption. Examples of
unavailable (or very poorly available residues) are chemicals bound to soil or
vegetable matter and layers of residue which frequently accumulate on the back
of the hand, arms, and V of the neck.
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