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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

In North America we take for granted a high quality, diverse, and inexpensive supply of food.
This abundance is the benefit of using human-made chemicals to increase farmland
productivity. Enhancing soil fertility by biological or chemical amendment is a long-standing
practice in production systems. What has been added in the post-World War II era is the
collateral use of chemical pesticides as the first line of defense against predatory and
competitive pests that threaten high productivity. This use of synthetic pesticides to mitigate
the effects of weeds, insects, fungi, rodents, nematodes, and pathogenic microorganisms in
many types of production systems has grown steadily during the past fifty plus years. Today
we acknowledge and accept reliance upon chemical agents for pest control. However, in many
production systems, pesticides do not always remain on the fields where they are applied.
Parent compounds and breakdown products are randomly dissipated and selectively
transported to areas where their impacts on non-target natural resources and biota are not
always understood. Transport occurs via volatilization or wind-borne particles, surface water
flow, or groundwater flow. Their occurrence offsite is a concern to both the public and to
regulatory agencies. This is true for herbicides, insecticides, and fungicides, although the
herbicides probably represent the greatest mass of pesticide transported because they
constitute more than 80% of all pesticides applied.

Understanding the fate of organic pesticides in soil, water, and the atmosphere is
complex for several reasons. First, many different types of processes, some biochemical and
some geochemical, play a major role in determining fate by controlling dissipation and
degradation. Second, the identification of important intermediate species often tests the limits
of analytical chemistry, requiring sophisticated and costly techniques for support of
monitoring studies. Confounding the complexity issue is the scale at which research should be
conducted. For example, when assessing microbial degradation of a pesticide, the scale of
research may be conducted at the Petri dish, small plot, or commercial field level. Do these
experiments yield the same results in terms of our understanding of the degradation process?
Under what circumstances is the Petri dish level preferable over the field level? Is a small field
plot adequate? Do researchers need one or more commercial-sized field plots to account for
the potential variability in degradation and dissipation processes and rates of reactions? What
are the best study designs for pesticide transport in watersheds? Are small tributaries rep-
resentative of a watershed in general or does each stream and river have its own characteristic
pattern of pesticide fate and movement? These are the types of questions researchers face
when deciding how to examine the environmental fate of pesticides.

Various stakeholders are conducting additional studies addressing environmental fate
and movement questions. Recognizing that degradates may be more important in water quality
assessments than earlier believed, stakeholders are also seeking more information on the
dissipation of daughter compounds. The need for a detailed and comprehensive understanding
of the fate and movement from production areas accompanies the discovery and development
of each new pesticide. Furthermore, new factors that have entered the “risk—benefit analysis”
dialogue include increased risks to children and at-risk populations and the potential impact of
chronic exposure to low levels of pesticides acting as environmental endocrine disruptors.
Passage in 1996 of the Food Quality Protection Act requires that camulative risks, both dietary
and environmental, be calculated for individual chemicals as well as for their chemical class
together.

These questions, which we have faced on numerous occasions in our own research,
prompted us to organize the symposium, Agrochemical Movement: Perspective and Scale,

.
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sponsored by the Division of Agrochemicals during the 215" American Chemical Society
(ACS) National Meeting in Dallas, Texas, March 29-April 2, 1998. We hoped this forum
would promote discussion among scientists who conduct studies at various scales to help us
better comprehend the role that each level plays in our understanding of the fate of pesticides
in the environment. We organized the symposium with two paradigms in mind. First, that the
type of information generated concerning the fate and movement of pesticides is scale-of-
study dependent. Studies designed to delineate degradation and dissipation processes are
different than those designed to assess movement and often require a different scale for
investigation. In addition, studies of either processes or movement will be enhanced by use of
more than one level of scale. Second, both similarities and differences exist among farming
systems across the United States with geographic features, climate patterns, and agronomic
practices that influence both pesticide movement and the types of pesticide issues of greatest
concern. These differences may lead to a different understanding of the behavior of pesticides
and their potential impact on natural resources. The book identifies three agroecoregions, each
distinct in its prevailing agronomic practice and scale of operation: the Chesapeake Bay and
Eastern Shore, the Upper Midwestern Plains, and the San Joaquin Valley of California.
Although pesticide use issues are dominated by herbicides along the east coast and in the
midwest, they are dominated by insecticides in the west. The book is intended for practicing
professionals in the environmental sciences; natural resource managers; agricultural scientists;
farm management advisors and consultants; pesticide research specialists; and pesticide
registration specialists and other regulatory professionals. Readers of this volume will find a
single resource that provides a national scope and context for comparing agrochemical
movement issues across the United States.

The editors thank all chapter authors for their excellent contributions. Each brings
valuable insight to scale-of-study issues and to the differences in agrochemical movement
issues across the United States. We hope this collective work will serve as a focal point for
continued discussion in both the scientific and public realms. The editors express their
appreciation to the ACS Division of Agrochemicals for providing the forum for this work.
Thomas Steinheimer thanks Jerry Hatfield for his encouraging support of this project and
Kenwood Scoggin for assistance in the preparation of several chapters. Terry Spittler thanks
Bernice Andersen for invaluable assistance with manuscripts and communications.

THOMAS R. STEINHEIMER
National Soil Tilth Laboratory
Agricultural Research Service
U.S. Department of Agriculture
2150 Pammel Drive

Ames, IA 50011

LisAJ. Ross

California Environmental Protection Agency
California Department of Pesticide Regulation
830 K. Street

Sacramento, CA 95814

TERRY D. SPITTLER
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Chapter 1

Agrochemical Movement: Perspective
and Scale-of-Study Overview

Thomas R. Steinheimer’, Lisa J. Ross?, and Terry D. Spittler3

'National Soil Tilth Laboratory, Agricultural Research Service, U.S. Department
of Agriculture, 2150 Pammel Drive, Ames, IA 50011
ZCalifornia Environmental Protection Agency, California Department of Pesticide
Regulation, 830 K Street, Sacramento, CA 95814

3Cornell Analytical Laboratories, New York State Agricultural Experiment Station,

Cornell University, Geneva, NY 14456

Scientists today acknowledge the important role played by
agrochemicals in maintaining agricultural production, yet issues remain
concerning the movement of these crop protection chemicals away from
their points of application and into nontarget natural resources. A wide
variety of chemicals are used to address different pest control needs.
The choices made by the producer often are determined by the nature of
the landscape, pest cycles, cropping systems, weather patterns, and the
economics of production. Hence, they differ across the U.S. We
present an overview of incidental movement studies of pesticides used
in production agriculture and their potential nontarget impacts within
three distinct geophysical regions of the United States. Examples from
laboratory, test plot, and field investigations of agrochemical movement
will illustrate the importance of scale in the study design in the
Chesapeake Bay Watershed, on the Midwestern Plains, and in
California’s San Joaquin Valley.

The abundant, high quality, diverse, and relatively inexpensive food supply that
most Americans take for granted is a direct result, for many commodities, of the use of
pesticides in production agriculture. Delivery of other nonfood goods and services,
often of higher quality and at lower cost to the consumer, also result from the use of
pesticides. These economic and quality of life benefits are not achieved without some
potential risk to human health and the environment as a consequence of the application
of pesticide chemicals. Therefore, laws which regulate the distribution of pesticides and
programs which monitor their constantly changing occurrence patterns are necessary to
assure the public that unacceptable risks are avoided.

Two central issues regarding the consequences of pesticide usage in production
agriculture relate to their potential impacts on nontarget natural resources. The first
issue recognizes that quantitative assessments of impact require a detailed

2 © 2000 American Chemical Society
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understanding of the environmental fate and movement aspects for each chemical when
introduced into its intended agricultural setting. In this context, four questions should
be raised regarding the fate of an applied pesticide; what happens to it and how much of
it moves ?, where does it go ?, how does it get there ?, and, how far offsite from its
point of introduction does it move and what does it do ? The first question addresses
the efficacy of placement and utilization or degradation reactions, both in the soil and in
plants through which it may be translocated. These are chemistry issues addressed by
soil chemists, soil microbiologists, and geochemists. The second question
acknowledges the importance of the partitioning of a pesticide among the various
hydrogeologic compartments which are identified as components of a cropped field.
These could include precipitation, surface runoff, unsaturated-zone water and well
water. The third question addresses the notion that partitioning through the soil volume
within a field is governed by the physical processes of advection and dispersion, and
seeks to explain how these processes result in the partitioning. The fourth, and,
perhaps, most important question for the general public, addresses edge-of-field issues,
and the displacement offsite and entry into nontarget natural resources. For many
fields, in every geophysical region of the U.S., drainage from agricultural landscapes
often is hydrologically connected to larger basins or drainage conduits, eventually
entering either the Nation’s largest rivers and/or coastal waters.

The second issue, which has only emerged within the past 15 years, revolves
around the recognition that most agricultural pesticides are neither biorefractory nor
completely mineralized in the soil environment to which they are applied. This leaves
researchers with the challenge of determining dissipation properties, specific
breakdown pathways and mechanisms, and overall degradation rates (/). The
importance of knowing the environmental-fate, pathways, rates of overall dissipation,
and potential for environmental risk associated with soil metabolites has only recently
been recognized for registration. It is therefore important to establish which metabolites
are relevant from an ecotoxicology standpoint. Recent studies suggest that when
degradates are not taken into account for groundwater quality studies, as much as 50%
of the herbicide occurrence legacy may be overlooked (2). A pesticide metabolite may
have increased relevance when i) it is a pesticide itself, ii) its molecular structure is only
slightly altered in comparison to the structure of the parent, iii) it is known to be toxic
or its structure contains moieties which make a substance toxic, iv) its field half-life is
>3 months, and v) it follows from its structure that its soil adsorption is low and
persistence relatively high. A metabolite may have diminished relevance when it is a
compound which occurs naturally as a product of microbial metabolism, or is retarded
as a bound residue. For most pesticides currently in use, many of these questions
remain unanswered.

On farm pesticide usage increased from about 182 million kg. in the mid-1960’s
to nearly 386 million kg. by 1980, due to increased usage in all types of chemical
control agents. By far, the greatest growth resulted from the widespread adoption of
herbicides for weed control in crop production (3). Since the mid-1980’s total pesticide
consumption has increased only modestly. Table 1 compares recent production
statistics for herbicides and insecticides, the two dominant chemical types.
Nematocides, fungicides, rodenticides, acaricides, miticides, and plant growth
regulators together constitute much smaller percentages. 1987-1995 data are production
estimates; 1996-97 are consumption estimates, and do not include production intended
for export. Herbicide production peaked in 1994 while insecticide production peaked in
1993. During the past ten years, the net increase in herbicide production and insecticide
production are 1% and 4%, respectively; while the net increase for fungicides is >20%.
Wide variation in yearly pesticide use patterns result from weather, unexpected pest
outbreaks, cropping choices and acreage, and economic factors.
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Table 1. Pesticide Production and Consumption in the U.S., 1986-
1997.a

Herbicides | Insecticides | Nematocides Fungicides
1986 625 204 66 70
1987 623 185 76 62
1988 676 203 85 193
1989 676 208 112 207
1990 643 264 67 85
1991 657 181 72 na
1992 696 194 71 85
1993 749 308 82 77
1994 868 253 100 72
1995 819 174 97 143
1996 568 185 69 85
1997 575 192 na 103

a Chemical and Engineering News, June 23, 1997 and June 29, 1998. All values are
millions of 1lbs.; does not include production of nematocides and plant growth
regulators intended for sale outside the U.S.

Over the past three decades, the variety and chemical complexity of organic pesticides
registered and introduced into commerce has steadily increased. Moreover, other recent
developments have further complicated pesticide risk debates. First, some existing and
many recently registered pesticides actually are mixtures of similar but non-identical
chemical components. Their relationship to each other is that they are non-
superimposable on their mirror images, a consequence of their molecular assymetry.
Known as enantiomers, they exhibit different chemical and biological properties, some
of which are useful in enhancing herbicidal activity. Examples of such formulations
which are enantiomeric with respect to active ingredients are Dual MagnumR, PursuitR,
and BalanceR. As a consequence, an issue which is gaining attention within the
regulatory community is whether or not it is necessary or appropriate to conduct
pesticide exposure assessments through monitoring activities for specific enantiomers.
Analytically, separations of individual enantiomers of a host of biologically active
chemicals is one of the hottest research areas in all of environmental analytical
chemistry. Second, those concerned with the long-term legacy of pesticide usage,
primarily in agriculture, must acknowledge that dissipation in the field of the registered
agent over time does not equate to zero impact on non-target environments. If
assessments of impacts are to be supported by the best science, then degradate
chemicals must be included in analytical schemes for all samples. Third, the possibility
that long-term exposure to low-levels of anthropogenic contaminants may interfere with
endocrine system function in many species has been raised, largely by population
biologists. As a class of commercially important synthetic chemicals, pesticides have
come under scrutiny due to their wide-spread distribution throughout our terrestrial
environment. Today more than 30 classes of chemicals with pesticidal properties are
now widely acknowledged by most scientists and regulators, alike. Illustrating this
diversity are the variety of chemicals registered for a broad spectrum of problems in
weed, insect, and fungal control.
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Herbicides Insecticides Fungicides
Arylanilines Carbamtes Azoles

Benzoic Acids Organochlorines Benzimidazoles
Bipyridyliums Organophosphates Carboxamides
alpha-Chloroacetamides Organotins Dithiocarbamates
Cyclohexadione Oximes Oximinocarbamate Morpholines
Dinitroanilines Pyrethroids Organophosphates
Diphenyl Ethers & Esters Phenylamides
Hydroxybenzonitriles Strobilurine Analogs
Imidazolinones

Organophosphates

Phenoxyacetic Acids

Sulfonylureas

Thiocarbamates

sym-Triazines
unsym-triazinones
Uracil

Ureas

Water Quality

In an agricultural cropping system, there are three compartments to which
pesticides are applied which become the sources for subsequent loss to water. These
are the vegetation, the soil surface, and the soil below the surface. Leaching, the
process which may contaminate groundwater directly, occurs as water percolates down
through the soil carrying with it a load of pesticide whose properties facilitate vertical
movement through the soil volume. Runoff, the process which may contaminate
surface water directly, occurs whenever precipitation rate exceeds infiltration rate,
thereby generating flow across the soil surface. This flow solubilizes pesticides directly
and mobilizes soil-particle attached pesticides. Both leaching and runoff may be
enhanced by washoff from plant surfaces.

In a 1986 report to Congress the USEPA stated that the nation’s remaining water
quality problems were largely attributable to pollution from nonpoint sources (NPS).
About 50-70% of the assessed surface waters were adversely affected by agricultural
nonpoint source pollution. A major component of this NPS pollution is pesticide losses
in runoff together with leaching to groundwater. NPS pollution issues are further
complicated by several uniquely defining characteristics (4):

e NPS pollution is not easily associated with a defined process producing a specific
discharge.

*  NPS pollution often is intermittent and related to the intensity of an intermittent
event, making it difficult to quantify and even more difficult to control.

. NPS pollution originates over a broad area making identification and source
assessment difficult.

° NPS pollution issues often transcend political jurisdictions.

. NPS pollution sources often resist regulatory-based controls.
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. NPS pollution sources often resist regulatory-based controls.

Runoff and leachate from agricultural production activities are the primary NPS
processes responsible for impairment of our nation’s water resources. In addition to
direct effects on surface and groundwater quality, water leaving farmed and/or
husbandry landscapes carrying agricultural chemicals can also cause physical habitat
alterations as well as flow or riparian-zone functional modifications. The extent of these
impacts depends on several factors. Application factors include site, type of applicator
equipment, the chemical nature of the formulation, and the application amount/volume
and timing. All impact runoff and leaching behavior of pesticides. Site of application
could be directly on the growing crop or undesirable weed plants, the soil surface, or
by incorporation into the subsurface soil. Other application considerations are the
properties of the active ingredient chemical. Another factor which impacts NPS
processes is persistence and mobility. Some pesticide-soil combinations result in such
strong binding to soil particles that the pesticide moves only if the soil moves, as is the
case with water or wind erosion. Many pesticides now in use degrade so rapidly on soil
and crop surfaces that rainfall must occur within a short time following application for
significant movement to occur. Pesticides must be relatively persistent and mobile to
leach to ground water because the time required for water to percolate to deep aquifers
can range from months to years. However, once a pesticide has leached into subsurface
soil horizons, biological activity and binding capacity there are often diminished in
comparison to surface soil. Thus, in general, as the pesticide moves down through the
soil, it becomes more persistent and more mobile. Persistent and mobile pesticides
represent a greater threat for runoff. However, that portion of the pesticide load which
is most available for movement as runoff, that at the topmost surface of the soil, is also
the portion most rapidly dissipated by evaporation and photodegradation. Furthermore,
runoff events are often complete in hours, and the accompanying erosion can move
immobile pesticides attached to soil. Thus, for many widely used chemicals, pesticide
runoff is less dependent on pesticide properties than pesticide leaching, and much more
dependent on the timing of runoff events in the hydrologic regime relative to
application.

Textural composition of soil and landscape topography are another pair of related
factors affecting NPS processes. Soils differ widely in their capacity to absorb water.
The slope and drainage pattern of a field or a watershed greatly affect its potential to
generate runoff water. Well-drained soils such as sands and sandy loams have the
greatest leaching potential, and poorly-drained clays and silty-clays have the greatest
runoff potential. In addition, watershed drainage area has an important effect on
pesticide concentrations in runoff. Small streams adjacent to pesticide treated fields may
carry very high peak concentrations, even exceeding 1 ppm, but with a trend showing a
rapid decrease over the time of the runoff event. Whereas, in large river basin sized
areas, peak concentrations are likely to be much lower but with a trend showing an
elevated load remaining over a longer time period. Weather and climate also impact
NPS processes because both determine the types of crops grown, the intensity of pest-
control problems, and the persistence of the chosen pesticides. The intensity, amount,
and timing of precipitation with respect to application determines how much pesticide
movement occurs. While not controllable by the farmer, probabilities for both runoff
and leaching can be minimized. Careful scheduling of pesticide application on dry low-
surface-wind days and around imminent precipitation is possible. Today farmers are
provided with information from regulators and manufacturer’s necessary to prevent
pesticide contamination. Knowledge of erosion patterns and control issues on each
field, best application techniques, and diligent monitoring of weather patterns, are the
best approaches to minimizing pesticide losses.

The issues underlying the potential for agrochemicals to damage nontarget
environmental settings transcend every region of the U.S., and, at the same time, are of
concern to both public and private sectors. Thus, the co-organizers determined at the
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outset of the planning that the Symposium should bring together three elements. First,
it should have as much of a national scope as is practical while recognizing that
practices in production agriculture are vastly different across the U.S. Second, the
dialogue should be fully open to all and welcome the active participation of all
agrochemical interests; academia, producers, manufacturers, and government agencies;
those with a regulatory mission, those with a commercial mission, and those with a
research mission. Third, all presentations be given the opportunity to be expanded into
a chapter for inclusion in the ACS Symposium Series volume. Following are synopses
selected from contributed talks. We begin with highlights from the Keynote Session
and follow through with discussions of water quality issues representative of each of
the three major regions of the continental U.S. where intensive agricultural production
is the dominant land use.

The Keynote Session

As are most of the agricultural operations along the east coast of the U.S., those
of the Delmarva Peninsula are characteristically small 10-100 ha. fields divided by
numerous natural barriers such as streams, inlets and woods, plus the anthropogenic
boundaries of roads, structures and property lines. The eastern shore of the Chesapeake
Bay is highly agricultural and intimately associated with coastal streams, rivers and
inlets discharging directly into the Bay. There is relatively little agriculture along the
Atlantic Coast because of the unsuitability of shore and dune growing conditions, and
the other uses which occupy most of the ocean shoreline. Field applied pesticides need
to be transported only short distances before they are either added to the ebb and flood
of the Chesapeake Bay’s tidal movements or have reached the generally shallow 1-5 m.
water tables typical of these near-sea level regions. R. A. Forney and others describe
field studies of four grain cropping and tillage schemes set out on four discrete
watersheds, each 2-10 ha. in area. Leaching of applied pesticides to the water table by
infiltration (wells) and runoff (through autosampler-equipped flumes) could be tracked
for these defined, confined test systems. Vadose zone infiltration in the absence of
runoff was simultaneously measured in nearby replicated level plots equipped with pan
and suction lysimeters. The scale of the watershed trials at Chesapeake Farms is within
an order of magnitude or less of many of the region’s production operations, and those
few that are significantly larger would have broad level centers whose major avenue of
agrochemical movement would be infiltration downward, a situation covered by the
companion replicated plots at Chesapeake Farms. In this region, studies are focused on
approximately the same scale as the geographical units. This program is focused on
minimizing both production costs and environmental burdens by optimizing tillage
practice, cultivar rotation, application rates and timing, and desirable chemical
properties. The complicating factor is the chronology and intensity of rainfall events
relative to applications. However, the relevance of each of these controllable variables
is demonstrated in the absence of extreme meteorological circumstances.

The concept of the “watershed” is applicable at spatial scales ranging from 1 m2
boxes set in environmental chambers in laboratory settings to replicated 1 a. plots on
research farms to major continental river basins, such as the Mississippi, with a
drainage area in excess of 3 million km2. Studies of runoff displacement of water,
suspended sediments, nutrients, and pesticides are reported on areas across these
watershed sizes. Often these data reveal systematic shifts in a variety of hydrologic,
concentration, and loading characteristics that are related to watershed size. These shifts
can be considered scale effects. D. B. Baker and R. P. Richards, have been examining
scale effects in assessment of agrochemical runoff patterns and suspended sediment
displacement within tributaries of the Lake Erie Basin. Their sampling locations
subtend watersheds ranging from 10-16000 km?2 in size across similar land use patterns
and soil characteristics. As watershed size increases, peak storm event concentrations
decrease while the durations of mid-range concentrations seem to persist for longer
periods. The extent of such scale effects is parameter specific, but is most evident for
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suspended solids. Data are presented to support the hypothesis that these scale effects
are attributed to the pathways and timing of contaminant movement from fields and into
streams. Furthermore, dilution associated with the routing of water into and through the
stream system from differing positions within the watershed also influences observed
concentrations and loads. Implications from their results for comparing water quality
data and for designing sampling programs for risk assessments are addressed as well.

California’s Central Valley is one of the most diverse and intensively farmed areas
in the U.S. The valley is hydrologically divided into two regions: the southern San
Joaquin-Tulare watershed and the northern Sacramento River watershed. Fertility of
this region depends, to a large degree, on a sufficient, high-quality water supply.
However, due to the Mediterranean climate of this region the growing season is, for the
most part, dry, with a majority of the rainfall occurring in winter months. Most of the
water that supports this agricultural region is through a system of dams and manmade
conveyances designed to supply water during the warm, dry growing season. Field
applied pesticides are transported offsite both during the growing season as well as
during the rainy winter season through surface water runoff, the atmosphere, and the
soil profile. Many of the offsite transport issues in the Sacramento River are associated
with rice culture. In the early 1980s, rice herbicides were responsible for fish kills that
occurred in agricultural drains of the Sacramento River watershed. In addition, the
presence of certain herbicides in the city of Sacramento drinking water supply generated
taste complaints from the public. Health limits for the public, as well as water quality
goals to protect fish and wildlife were developed. L.J. Ross and others describe the
development of use restrictions based on the physical and chemical properties as well as
field data on environmental fate and behavior of these herbicides. In addition to the
need for laboratory and small field plot information, data from the actual watershed was
essential to refine use restrictions and meet water quality goals. The authors
demonstrate the need for information at all scales of research: laboratory, small field
plot, and watershed, in the success of a regulatory program to control herbicide
discharge from rice fields. Issues in the San Joaquin Valley are more frequently related
to pesticide applications to orchards during the dormant season.

Chesapeake Bay and the Eastern Shore

An assessment of agrochemical movement in the Chesapeake Bay watershed
region must take several factors into account. First, it must be realized that this fertile
region, blessed with ample rainfall and a favorable temperate climate, is transected by
the heavily populated and industrialized Northeast corridor—variously described as a
vital artery or urban sprawl. Residential, urban and commercial land uses preempt
much agricultural production, while at the same time cause their own nonpoint source
contributions of nutrients, lawn use and other urban pesticides, plus nonhorticultural
runoff and infiltration. Protection of local water supplies is always a consideration,
while the sporting and recreational qualities of local lakes, rivers and streams also have
strong popular and legal advocacy. However, it is the Chesapeake Bay itself that
receives not only the chemical influx from this region, but its close attention as well.

Historically, the Bay has been a sheltered sea of massive shellfish resources, near
shore fisheries and an extended transportation system, as well as a major breeding
ground for migratory marine species and waterfowl. Loss of this habitat and its long
producing resources is recognized as being potentially ecologically and economically
devastating. Second, agricultural operations are of relatively small acreage—originally
limited by what could be cleared and maintained by nonmechanized labor, and now,
realistically, by natural and jurisdictional dividers that would be uneconomical or
unacceptable to remove. It does, however, contain some of the country’s most
intensive agricultural operations, to wit, the poultry farms and processing facilities that
drive the surrounding grain production and frequently overpower the local ecosystems’
capabilities to absorb massive amounts of natural runoff from manure and processing
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wastes. The sum total of the regions numerous and diverse agricultural operations still
makes for a relatively high percentage of agricultural land use in the numerous
drainages comprising the Chesapeake watershed. For instance, the southern tier of
New York State is in this region: agriculture is still New York’s biggest business.
Third, the watershed is geologically quite diverse, with low relief coastal plains on the
eastern and near western shores, but with major western tributaries reaching back
through the piedmont region to the Appalachian foot hills. In fact, the entire
Appalachian range is transected by the Susquehanna River’s course from New York
through Pennsylvania. The result of this is that homogenous geographical systems are
small, capable of being accurately approximated by investigations on scales that may
not be appreciably smaller than their subjects. Conversely, attempts to include large
geographical areas must immediately accept the compromise that they represent the
average of many uses, numerous chemistries and multiple, competing geological
routes. As with politics, most measurable pesticide movement is local on the eastern
shore: field runoff goes quickly into riparian zones (marshland headwaters of
near-coastal streams) or runs via branch streams to minor tributaries to coastal river
tributaries of the Bay. The additive effect of all these small watersheds continues to the
fall-line of the river. There, at the tidal head, further definition is complicated by
multidirectional flows from tides and other Bay currents. This is the bottom line for
Bay-bound and Bay-borne contaminants: are they of high enough concentration, timing
and duration to adversely affect the thousands of marine and other species that rely on
this largest of estuarian systems for breeding grounds or life-long habitat ?
Minimization of the influx of anthropogenic materials, either toxicants or nutrients, will
help protect this extremely important ecosystem.

Delaware’s level coastal plain is not only relatively far removed from either the
Bay’s eastern shore or the Delmarva’s east coast, its essentially sandy soil also helps
make infiltration the almost exclusive transport mechanism for applied agricultural
pesticides. With water tables normally five meters or less in this area, the initial
response for planning an appropriate research structure might be that representative soil
columns could be established in the laboratory and produce percolation data predictive
of field conditions. In fact, this approach would be a poor simplification, as applied
chemicals can be found at watertable levels within minutes of a rain event because of
nonhomogeneous macropore flow through wormholes and root voids. William Ritter
reported on multiple tillage, application timing and chemical combinations used on field
scale plots and modeling experiments with simulated rainfall events of selected
magnitude. While the watertable to which the majority of transportable material
infiltrates is not a vast dynamic aquifer flowing down gradient to supply other regions,
it can be perturbed by extensive pumping for irrigation or municipal uses. Plus, rural
dwellings relying upon wells for water may have their sources’ quality affected by local
agricultural operations.

Those sections of the coastal plain, the predominately agricultural eastern shore in
particular, which are heavily subdivided by bays, inlets, rivers and a maze of
tributaries, potentially afford applied agrochemicals rapid transit to the Chesapeake
system. While the vertical drop from field to stream level is small, the distance may be
very short, thus allowing for development of a reasonable gradient for runoff under
certain hydrologic conditions. Several runoff producing events each year are not
uncommon with the chemical burden primarily a function of the time between last
application and the event. Brinsfield, et al., determined that in moderate to heavy rain
events loose, silty-loam soil of conventionally plowed plots rapidly formed a poorly
permeable, muddy upper layer that encouraged increased runoff compared to the thatch
and organic litter on the surface of the adjacent no-till plot. Upon drying, this surface
formed a hard crust that further abetted runoff in subsequent events.

Once agrochemicals have been transported by runoff or lateral groundwater

In Agrochemical Fate and Movement; Steinheimer, T., et dl.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Publication Date: April 3, 2000 | doi: 10.1021/bk-2000-0751.ch001

Downloaded by 89.163.34.136 on September 17, 2012 | http://pubs.acs.org

10

movement into the Chesapeake Bay’s tributary systems, the multiplicity of operations
contributing to this loading requires that they be considered nonpoint source pollutants
(NPS). Occasionally a stream is contained within a defined, homogenous watershed
such that knowledge of the relevant operations allows the data gathering to be limited to
applied materials. However, most tributaries receive discharge from multiple,
uncharacterized sources, thus limiting the study to a few chemicals of interest, or
requiring that a screen of all probable or suspected chemicals be conducted on collected
samples if a realistic measurement of the anthropogenic burden is desired. Quite
logically, as the sampling site(s) move further down the tributary network, study areas
become larger and less well defined.

Conducting studies on larger areas requires the compromises of event to sampling
time lags, dilution, band broadening, and carryover from prior events. W. E. Johnson
and coworkers studied two monitoring sites 2.7 km apart on the German Branch of the
Choptank River, an estuary of the coastal plain. In contrast to the western shore
tributaries that have extensive networks reaching far inland, eastern coastal plain
streams are small basins that flow directly to tidal water. The German Branch drainage
is over a quarter million acres, of which 70% is agricultural use. Twelve
agrochemical/nutrient parameters were included in the analyses of the weekly
samplings, and one major event was intensely followed using four-hour sampling
intervals. Coupling this with stream flow measurements, analyses of rainwater-borne
materials, and determinations of agrochemical concentrations associated with mobile
sediment, the authors provide an in-depth overview of down gradient movement.

Monitoring data for metolachlor and atrazine collected from tributaries of all ranks
over a two year period has been collected and compared to toxicology benchmarks for
selected estuarian species by Lenwood Hall, Jr., et al. In his presentation, he noted
essentially negligible concentrations from late summer through early spring, followed
by their rapid appearance after spring application, with subsequent later detection at
lower levels in the major tributaries and mainstem region. Overall concentrations were
deemed too low in ail habitat samples to constitute ecological risks.

The western shore tributaries, which have diverse use drainages extending
hundreds of miles westward and northward into the piedmont and Appalachian regions,
bring a varied contribution to the Bay’s ecosystems. In studies by G. D. Foster and
coworkers, streams were sampled at the fall-line, or tidal head, and the samples
analyzed for a suite of eighteen pesticides. The analyte list included both herbicides
used in coastal plain grain production and many from upland landuse protocols for
vegetables, turf control, and ornamentals. Coupled with river flow measurements,
these data produced seasonal discharge flux approximations consistent with
first-principal expectations. Two eastern shore rivers had the highest pesticide
concentrations, which was typical for lower order rivers (less dilution) close to the
application areas. More complex river systems introduce more complex variables
which influence the seasonal flux of chemicals in the seven western shore rivers. All
discharge producing operations in these watersheds are also subject to the same variable
that dominates smaller scale studies; rain event timing and intensity.

Throughout the entire eastern geographical realm one type of high intensity
horticultural operation has been increasing relentlessly. Over 500 new golf courses are
added every year in the U.S., most having zero-tolerance, high standards of
performance and maintenance. Following the selection of optimum soil type, grass
cultivar and topographic profile, an intense fertilization and pesticide routine is followed
to guarantee their integrity. Both runoff and infiltration are controlled to insure
consistent soil moisture and the absence of non-intentional standing water. Martin
Petrovic has long studied the optimization of these conditions at Cornell University,
and presented a full spectrum of experimental scales ranging from greenhouse flower
pots, through meter-scale plots with movable covers to give complete control over
precipitation, and on to whole golf course monitoring studies. Turf, including lawns,
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recreational and public areas is the country’s largest acreage crop. Its potential for
contributing mobile agrochemicals to a region as heavily developed as the eastern
United States must be taken very seriously.

The Midwestern Plains

The midcontinent region of the U.S. is the largest and most intensive agricultural
region in the country. Consequently, the majority of all agricultural chemicals are
applied to field crops in this region. The intense use of soluble and mobile herbicides
poses potential problems for NPS pollution of streams and groundwater throughout the
midwest. Virtually all of the modern herbicides registered for weed control on cropland
across the North American continent can be found in use on a field somewhere within
the midwest each growing season. In Iowa, in 1990 alone, herbicide usage on row
crops rose to more than 21 million kg of active ingredients applied to some 9 million
ha. Similar intensity-of-usage patterns are found from the Dakota’s to Pennsylvania and
extend as far south as Missouri. While the total poundage may have decreased
somewhat since that time, herbicides continue to be the major tool for weed control
used by most producers. Furthermore, the chemical choices, both in the number of new -
products together with reformulating or re-packaging of current products, continues to
increase. Consequently, assessments of their occurrence in environmental
compartments and mechanisms of their movement continues to be studied. Runoff from
fields shortly after application in the Spring can result in high concentrations of
herbicides in surface water (5-9). Similarly, in many areas of the midwest on which
relief across the landscape is relatively low, edge of field movement via runoff is not a
major loss route. However, vertical displacement of chemicals often occurs by
movement through the root-zone, into the intermediate vadose zone, and ultimately to
the water table. Subsurface flow subsequently transports chemicals offsite (10-14).

The movement of herbicide through subsurface drainage to surface water is the
focus of research conducted on an experimental farm in northeast Iowa by T. B.
Moorman and coworkers. These replicated one-acre plot scale studies are carried out on
predominantly silt-clay loam soil underlain by seasonally high water tables and benefit
from subsurface drainage. The drainage consists of tile lines in place near the base of
the root zone down the center and along the borders of each plot. The effects of both
herbicide banding and swine manure application on the leaching of atrazine and
metolachlor through these soils are described. Herbicide losses are highly variable,
ranging from 0.01-10 g/ha, and are determined by precipitation patterns, tillage
practices, and soil-herbicide interactions. Observations comparing atrazine and
metolachlor loss on manured plots suggests that the largely organic amendment reduces
atrazine losses to tile water to a greater degree than it reduces metolachlor losses.
Herbicide banding lowers the application rate and reduces herbicide losses
proportionately.

For several families of pesticide chemicals, especially organophosphate
insecticides and several classes of herbicides, field losses resulting from volatilization
from both plant canopy and soil surfaces can be a major loss mechanism. Pesticides in
the atmosphere have been studied for some time, but only recently has the emphasis
shifted to measuring fluxes and decay curves for selected herbicides in air samples at
times which permit direct correlation of concentration with both agronomic practices
and weather conditions. J. R. Prueger and coworkers describe their efforts attempting
to correlate observed metolachlor volatility profiles with other measurements in
agricultural meteorology and develop a predictive capability for assessing herbicide loss
to volatilization. In contrast to the water quality losses through runoff and leaching, this
loss mechanism dissipates rapidly, and is at its greatest levels in the days immediately
following application. Consequently, high-frequency sampling becomes very
important. Metolachlor volatility profiles are compared for two different methods of
herbicide application.
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Atmospheric transport and deposition of pesticides in precipitation are significant
questions when addressing risk assessment from a human exposure perspective. In a
one-year study conducted at four sites in Iowa chosen to represent both rural and urban
environments, M. E. Hochstedler and coworkers identified twenty-eight pesticides in
precipitation between October 1996 and September 1997. Their study emphasizes
comparisons of sites based upon predominant landuse patterns and discusses
implications for both the temporal variability of atmospheric loading of these chemicals
as well as possibilities of long-range transport. The discussion addresses the
appropriateness of chosen methodology for both field sampling and residue analysis of
low-conductivity rainwater samples and the constant dilemma over minimum sample
volume for analysis.

Patterns of herbicide usage across the midwest, primarily in corn and soybean,
have changed since the mid-1980’s. Reduced tillage has grown and with it an increased
need for new chemistry compatible with the requirements of post-emergence weed
control in conservation tillage operations. In the upper midwest, especially in Iowa,
Illinois, and southern Minnesota, among the most widely adopted by farmers of these
new chemistries are the sulfonylurea and imidazolinone families. Both are characterized
by high efficacy at low application rates, and relatively low toxicity to mammals,
arthropods, marine life, and aviary species. Because they are relatively new, all are
post-1985 initial registration, their potential impacts on water quality are not well
known. In a somewhat unique collaborative effort involving two federal agencies and a
producer of herbicides, a reconnaissance study of midwestern water resources which
hold the potential to be impacted by farming practices employing these new chemicals
was carried out in five states between June and October of 1997. In addition, new
residue methodology for water analysis developed jointly by a consortium of herbicide
manufacturer’s together with USEPA was evaluated in this effort. Sixty-two surface
and groundwater samples, collected from areas presumed to be most vulnerable to both
runoff and leaching, were analyzed for sixteen of the new herbicides. T. R.
Steinheimer and coworkers discuss the new method and its nuances, offer
recommendations for improvements to it which should improve its sample-throughput
value, and report results from the reconnaissance survey.

Minimizing off-field displacement of agrochemicals from cropped areas via surface
runoff is of continuing concern. One approach which is endorsed by regulatory
agencies, conservationist interests, and farmers is vegetative filters. Vegetative filters
act through a variety of retention and transformation mechanisms which are
qualitatively known. For field situations which act on runoff directly, biological
assimilation and transformation are not sufficiently rapid to reduce contaminant
concentrations without additional mechanisms for increasing the residence time of the
runoff within the filtering system. J. L. Baker and coworkers are identifying the
physical parameters and variables which are critical in determining the net effectiveness
of these filters for mitigating the offsite movement of chemicals. Their field-scale work
in filter strip technology has shown that two factors are critical; the cropped-to-filter
area ratio, and the properties of the chemical. Their discussion includes
recommendations for optimizing the retention efficiency for a given landscape.

The San Joaquin Valley of California

The San Joaquin Valley, approximately 12,000 mi2, can be divided into two
drainage basins, the San Joaquin and Tulare Basins, which comprises the southern two
thirds of California’s Central Valley (15). The Tulare Basin is a closed basin: water
drainage begins and ends within the basin boundaries. In addition, surface water
streams are all ephemeral (16). In contrast, the San Joaquin Basin drains into the
Sacramento-San Joaquin Bay Estuary, a valuable fishing and wildlife resource. The
basin contains surface water streams and rivers, both ephemeral and perennial in
nature. The San Joaquin River has three major tributaries on the east side of the valley:
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the Merced, Tuolumne, and Stanislaus Rivers, which originate in the Sierra Nevada
Mountains. In addition, there are a number of small irrigation district drains which
carry excess irrigation water as well as agricultural runoff water from the valley floor to
the San Joaquin River and these tributaries. Soils on the east side of the valley, which
originate from the Sierra Nevada batholith, are generally coarse textured and well
drained (16). On the west side of the valley, surface water streams are ephemeral and
originate in the Coastal Range. These tributaries frequently carry rain and irrigation
runoff from agricultural fields. Soils on the west side, which originate from the marine
shales of the Coastal Range, are generally fine textured and highly erodible (16).

The San Joaquin River flows through the northern portion of the San Joaquin
Valley, an area of diverse and intensive agriculture. Major crop acreage includes alfalfa,
almonds, beans, corn, grapes, tomatoes, walnuts, and wheat. Over 300 pesticide active
ingredients are used in the San Joaquin-Tulare Basins, with an annual reported usage of
over 88 million Ibs (7). Given the variety and amount of pesticides used in this
region, the correlation between toxicity tests and pesticide concentrations in the
watershed, and the valuable Sacramento-San Joaquin Bay Estuary natural resource,
there has been increasing interest and concern about the transport and fate of
agrochemicals in the San Joaquin River watershed.

The Mediterranean climate, combined with the hydrological and geological features
of this region, plays a role in the temporal and spatial distribution of pesticides in this
watershed. During winter months when the San Joaquin Valley receives almost all of
its annual rainfall, pulses of pesticides, particularly those used to control overwintering
orchard pests, are found in the San Joaquin River, rising and falling with river
discharge. In summer months, irrigation runoff water and drift are factors affecting
pesticide occurrence and distribution. In addition, soils of the eastern side of the valley
are well drained, with deep groundwater aquifers, while those of the west side more
poorly drained with shallow aquifers. Hence, pesticides applied to fields on the west
side may be more likely to move to surface water through overland flow, subsurface
flow, and attached to eroded soil particles than on the east side. We are only beginning
to understand the various mechanisms of entry to surface water and know even less
about their relative contribution to stream loads in this watershed. This information will
be critical if management practices to control off-site movement are to be developed and
effectively implemented.

In a small agriculturally dominated creek on the west side of the San Joaquin
Valley, Poletika and coworkers found pesticides in irrigation runoff was an important
route of entry into surface water. Daily sampling was conducted for an entire year and
measured concentrations were related to application, discharge, and weather patterns.
An above average water year, i.e. heavy rainfall during winter months, restricted the
number of dormant orchard applications and therefore the contribution of rain runoff
may not have been fully addressed. Consequently, pesticide input from irrigation
runoff was found to be a more important route of entry to the creek than rain runoff and
spray drift. However, pesticide loads were heaviest during winter months, even though
applications were fewer than during the drier part of the year. Results indicate farming
practices designed to reduce irrigation and rain runoff of pesticides may therefore be
more effective for controlling off-site movement to surface water than application
management practices.

Results from surface water sampling in the San Joaquin River watershed indicate
the spatial and temporal distribution of pesticides are affected by application and
cropping patterns, and subbasin hydrology. Dubrovsky and others examined spatial
and temporal patterns of pesticide occurrence during the course of one year in three
subbasins of the watershed. Both summer irrigation and winter rain-runoff water
carried pesticides into the watershed. High rates of application corresponded with high
concentrations in surface water during the summer irrigation season. In contrast, winter
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storm runoff generated maximum concentrations for some pesticides even though the
highest use occurred at different times of the year. Other factors of potential importance
in transport to surface water include application method and type of irrigation. Due to
the complexity of the hydrology of this watershed and the heterogeneous nature of land
use in the Valley, other factors influencing transport mechanisms need to be explored.
In addition, the relative magnitude of the various routes of entry is important for
minimizing off-site transport into surface water.

In addition to transport to surface water, airborne pesticides have been measured in
the San Joaquin Valley. In the atmosphere, pesticides exist as vapors or associated with
liquid or solid aerosols. The removal of these constituents from air is principally by
three processes; degradation, wet deposition, and dry deposition. Pesticides have been
detected in air, rainfall, snow, ice, and fog water in the Central Valley and Sierra
Nevada mountains. Pesticides in fog water may reach concentrations greater than those
predicted by their vapor-water distribution coefficients. Seiber and Woodrow studied
the transport and fate of pesticides in fog in the valley and found high enrichment
factors for fog water. In addition, fogwater deposition has been implicated in the
occurrence of inadvertent residues on non-target crops and high-risk exposures for
raptors. Atmospheric transport (air, rain, and snowfall) of organophosphate
insecticides to the Sierra Nevada was reported, indicating the potential for long-range
transport of these chemicals.

Pesticides may also be transported through the soil profile into aquifers or through
subsurface flow to surface waters. Transport into soil layers deeper than would be
expected from transport models has been explained by preferential flow pathways,
macropore movement where the chemicals bypassed the soil matrix. Co-transport of
pesticides complexed with dissolved organic matter is another mechanism investigated
by Letey and coworkers. In laboratory studies, dissolved organic matter played a
significant role in the rapid and deep transport of napropamide, while preferential flow
was found not to be a factor. Their additional investigation of sewage sludge and
pesticide movement may influence our thinking on the use of organic matter for
retaining chemicals at the soil surface or for bioremediation purposes.

Summary

Pesticides used in production agriculture have been detected in surface water and
ground water samples from across the United States, indicating that many major water
resources are contaminated (/8). These conclusions emerge from the results of
extensive studies using high sensitivity analytical techniques and data analysis tools.
Concentrations of herbicides and insecticides in agricultural streams, and in many rivers
in agricultural regions, were highest in those areas of greatest agchemical usage.
Herbicide concentrations are greatest in midwestern streams, where use is most
extensive. Similar patterns emerge in all region of the U.S. Nationally, the number of
detections constitute a very small percentage of the total analyses done and usually are
at concentration levels deemed well below those which threaten humans or aquatic life.
However, harmful effects have been documented in some areas of high pesticide use.
Detections above human-health-based drinking water standards, while rare, do occur.

Toward a New Agricultural Ethic. While agriculture is widely considered to
be the nation’s biggest nonpoint source of water pollution, it has often been treated
separately and less strictly by the regulatory community than other sectors of the
national economy. The environment, the farm sector, and the taxpaying public would
all benefit from national policies that simultaneously address the economic and the
environmental consequences of modern U.S. agriculture, with its evolving technology
and ever increasing capacity. Because environmental problems linked to agriculture are
so widespread and diverse, the voluntary participation of farmers seems essential if we
are to achieve environmental goals. Environmentalists need to recognize that there are
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limitations to the speed and the degree to which agricultural programs and farming
practices can be altered to achieve improved environmental quality endpoints. It is
equally important for the agriculturalists to recognize the need for policies which weigh
equally production and environmental protection. Pesticide manufacturer’s continue to
develop new synthetic products with improved environmental-compatibility attributes,
while developing others from natural products which express a characteristic pest-
control activity. To be sure, the rapidly evolving age of “transgenic agriculture”, with
its hopes, promises, and fears, will exert its inevitable influence upon food and fiber
production early in the new millennium. In the end, all humankind will benefit from a
safe and affordable food supply, a prosperous farm sector within our national
economy, and a sustainable and productive farming ecosystem.

The Symposium organizers developed the program by invitation to experienced
researchers so as to insure the highest quality of both platform and poster presentations.
Unfortunately, prior commitments and extremely heavy workloads prevented some
from contributing a chapter from their talk to this volume. In Table 2 the editors wish to
acknowledge all Symposium presenters, their program title, and Abstract reference.

Table 2. Symposium Presenters, Their Program Title, and Abstract
Reference. [Division of Agrochemicals, PICOGRAM and Abstracts,
Issue 54, Spring 1998]

PRESENTERS PROGRAM TITLE ABSTRACT #

R.D. Wauchope Pesticide Movement and Fate: Integrating 005
Spatial Scales via Physical Modelling,
Simulation Modelling, and Geographic
Information Systems

D.B. Baker; Effects of Watershed Scale on 006
R.P. Richards Agrochemical Concentration Patterns in

Midwestern Streams
D.R.Forney; Monitoring Pesticide Runoff and 007

J. Strahan; C. Rankin; | Leaching from Farming Systems On
D. Steffin; C.J. Peter; | Field-Scale Coastal Plain Watersheds in

T.D.Spittler; Maryland
J.L. Baker
J.L. Hatfield; The Midwest-Water Quality Initiative: 008
D.A. Bucks; Research Experiences at Multiple Scales
M.L. Horton
D. Crosby; Use of Laboratory, Field, and Watershed 009
L. Ross; M. Lee Data to Regulate Rice Herbicide

Discharges
L.W. Hall; Exposure Assessments of Atrazine and 018
R.D. Anderson; Metolachlor in the Mainstem, Major
D.P. Tierney Tributaries, and Small Streams of the

Chesapeake Bay Watershed: Implications

for Ecological Risk
A.M. Petrovic; Fate of Agrochemicals in the Turfgrass 019
S.Z. Cohen Environment: From the Laboratory to the

Golf Course

Continued on next page.
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Table 2. Continued

PRESENTERS PROGRAM TITLE ABSTRACT #
G.D. Foster; Watershed Transport and Fluxes of 023
K.A. Lippa; Organic Agrichemicals to Northern
C.V. Miller Chesapeake Bay
R.N. Lerch; Herbicide Transport in Surface Water at 029
E.E. Alberts; Field, Watershed,and Basin Scales
F. Ghidey;

P.E. Blanchard
R.S. Kanwar; Effect of Banding and Swine Manure 030
T.B. Moorman;, Application on Herbicide Transport to
D.L. Karlen Subsurface Drains
A.C. Newcombe; Acetochlor Monitoring and Movement 031
N.D. Simmons; Studies
P. Hendley; M. Mills;
D.I. Gustafson;
A.J. Klein
E.M. Thurman; The Relative Attenuation Factor (Ar): A 032
A.G. Bulger; New Conceptual Technique for
E.A. Scribner; Comparing Regional Water Quality Data
D.A. Goolsby in the Mississippi River Basin, USA
T.R. Steinheimer; Reconnaissance Survey of Sulfonylurea 033
R.L. Pfeiffer; Herbicides in Streams and Groundwater
C.J. Peter; M.J. Duffy; | of the Midwestern U.S.
W.A Battaglin
J.H. Prueger; Metolachlor Volatilization Estimates From 034
J.L. Hatfield; Broadcast and Banded Fields in Central
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Chapter 2

Monitoring Pesticide Runoff and Leaching
from Four Farming Systems on Field-Scale
Coastal Plain Watersheds in Maryland

D. R. Forney’, J. Strahan’, C. Rankin', D. Steffin’, C. J. Peter’,
T. D. Spittler?, and J. L. Baker®

'DuPont Agricultural Products, Chesapeake Farms, Chestertown, MD 21620
2Cornell Analytical Laboratories, New York State Agricultural Experiment Station,
Cornell University, Geneva, NY 14456

3Jowa State University, Ames, IA 50011

Losses of herbicides in runoff and leachate were measured in four
different production systems. These production systems varied in the
amounts and types of herbicides used, from preemergence applications
of products used in the kg/ha, to selective use of postemergence
herbicides used in g/ha. The highest herbicide concentrations in runoff
samples were found in the first runoff event after application.
Herbicides used at higher use rates were found in higher concentrations
in both runoff and leachate samples. Incorporation of herbicides greatly
reduced runoff losses. Herbicides used at similar rates but with shorter
half-lives were found at lower concentrations in leachate samples.
No-till treatments resulted in the highest concentrations in the leachate.

Crop protection from insects, diseases, nematodes, and weeds is a critical component
of agricultural sustainability (/). Synthetic pesticides are among a suite of
technologies that have afforded tremendous gains in agricultural productivity,
profitability, and efficiency in the last 50 years. While consumers are increasingly
concerned about environmental consequences of production methods, pesticides
remain the primary means of controlling pests. Off-site movement of agricultural
chemicals into surface and groundwaters is a common consequence of their use (2).
Perfecting the use of pesticides is an ongoing need in the development of
environmentally sound, economically viable, and socially acceptable production
systems (I).

Concerns about pesticides in surface and groundwater have spawned numerous studies
over the years to quantify the amounts of different materials leaving treated fields and
to characterize the pesticide concentrations of receiving waters (3-8). Studies have
focused on the more widely used compounds, and those that appear to represent a

20 © 2000 American Chemical Society
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threat to human or aquatic ecosystem health based on their physical, chemical, and
biological properties. Herbicides are the most widely used class of pesticides, and
have received considerable attention. Their losses in surface runoff water have been
observed to be highly dependent on their properties, notably soil adsorption and
persistence, together with rate, timing, and method of application (9). Also, the timing
of runoff producing rainfall events, and factors such as tillage and buffer or filter strips
that influence the movement of water and sediments from fields, influence pesticide
movement.

Herbicides Used

Among the herbicides used in U.S. crop production, triazines have long been a focus

of concern due to their widespread use, relatively high rates of application, extended

persistence, and moderate soil adsorption characteristics. Among these, atrazine is the

pesticide most often detected in surface and groundwater resources today (6). With
application rates in the range of 0.5 to 2.0 kg/ha, it was used on 71% of surveyed U.S.

corn acres in 1996 at an average rate of 1.2 kg/ha, with corn applications totaling 24.3

million kg (10,11). It is the second most widely used pesticide in the Chesapeake Bay
watershed (12). It is sold in a number of formulations, all of which are classified as

“Restricted Use Pesticide” due to ground and surface water quality concerns.

Like atrazine, but less persistent, cyanazine is a widely used corn herbicide that also
has been the focus of water quality concerns. Uncertainty as to its regulatory fate in
the U.S. in light of water quality and toxicological concerns led to an agreement
between DuPont and the U.S. EPA for a gradual withdrawal of cyanazine from the
marketplace, with all uses to be canceled by 2003. It is sold in a number of
formulations, all of which are classified as “Restricted Use Pesticide” due to
toxicological and ground and surface water concerns. In 1996, it was used on 13% of
surveyed U.S. corn acreage at an average use rate of 2.6 kg/ha, with corn applications
totaling 9.4 million kg (11).

Metribuzin, a triazine herbicide used on soybeans, has declined in importance due to
the introduction of other new herbicides, but was still used on 9% of surveyed soybean
acreage in 1996, at an average use rate of 0.34 kg/ha, with soybean applications
totaling 1.9 million kg.

The acetanilide, or chloroacetamide herbicides, including alachlor and metolachlor, are
frequently cited among compounds of concern for aquatic or toxicological risk (8).
They are widely used due to their utility in both corn and soybean production. While
alachlor is being phased out in recent years in favor of acetochlor, it was still used in
1996 on 9% of surveyed corn acreage and 5% of surveyed soybean acreage. Average
use rates were 2.4 kg/ha in corn and 1.8 kg/ha in soybeans, with U.S. corn and soybean
applications totaling 6.9 million kg (11). It is sold in a number of formulations, all of
which are classified as “Restricted Use Pesticide” due to oncogenicity. Metolachlor
was used in 1996 on 30% of surveyed corn acres and 5% of surveyed soybean acres, at
average use rates of 2.2 and 2.0 kg/ha, respectively, with corn and soybean
applications totaling 20.5 million kg (17). Together with the triazines, atrazine and
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cyanazine, the acetanilides alachlor and metolachlor are routinely detected in surface
and subsurface waters draining from agricultural lands (/3). In addition, they are
routinely detected at sub-ppb levels in precipitation. Precipitation may deposit more
alachlor in the Mississippi River Basin than is transported out of the basin in stream
flow (6). These herbicides are most often applied to the soil at or right before planting
time to provide residual control of weeds.

Triazines and acetanilides were among the earliest truly selective and widely effective
herbicides available to U.S. corn and soybean farmers, and have been in use in U.S.
crop production for approximately 20 to nearly 40 years. During this period, pesticide
discovery and development efforts have brought new chemistries with new
characteristics to the market. At least two new classes of herbicides, imidazolinones
and sulfonylureas, have been widely adopted. In soybeans, imidazolinones,
imazethapyr and imazaquin widely replaced metribuzin and the acetanilides in the late
1980s and 1990s. With far lower use rates typical of newer pesticides, these two
materials were used on 43% and 15% of surveyed U.S. soybean acres in 1996 at use
rates of 0.07 and 0.10 kg/ha, respectively, with applications totaling 0.54 and
0.32 million kg (11).

Along with the adoption of imidazolinones, sulfonylureas have also had a tremendous
impact on the quantities of pesticides used because of their low use rates. Worldwide,
substitution of sulfonylureas for older, higher-use-rate materials in cereals has afforded
an estimated reduction in herbicide use of approximately 99 million kg, with an
associated reduction of perhaps 3 billion kg of manufacturing waste (/4).

While much is known about the physical, chemical, and biological properties of
sulfonylureas and their degradation, mobility, and sorption processes, little water
quality monitoring data have appeared in the literature for these compounds(/3, 16).
Losses of 1.1 to 2.3% of applied nicosulfuron and chlorimuron were reported for a
rainfall simulated runoff study, similar to the percentage losses typically reported for
other higher use rate herbicides (7).

In corn, nicosulfuron is used as a postemergence (foliar) spray for annual and perennial
grasses and select broadleaf weeds, at rates of 35 to 70 g/ha (/8). Following first
commercial use in 1990, its use has grown to 12% of surveyed corn acres, with a total
of 111 thousand kg applied, in 1996 (1 1).

Chlorimuron ethyl has both preemergence and postemergence uses, with rates of
approximately 35 and 10 g/ha respectively. It was used on 14% of surveyed U.S.
soybean acres, with applications totaling 65 thousand kg (11).

Thifensulfuron methy! is used in soybeans, corn and winter cereals, and tribenuron
methyl is used in winter cereals (among other uses) at rates of approximately 5 to 35
g/ha. They would appear to pose minimal threat to surface and ground water quality
due to their very short persistence (15,16).
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Many approaches are used to estimate or determine the contamination of surface and
groundwater by pesticides. In the U.S., EPA registration of a pesticide under FIFRA
requires the demonstration that the active ingredient is not likely to accumulate in
water at levels that pose unreasonable risk to human health or aquatic ecosystems.
Methods employed include model predictions based on known physical and chemical
properties, laboratory soil-column leaching studies, small-scale prospective ground
water monitoring studies, natural or artificial rainfall field-edge runoff monitoring,
whole watershed studies, and monitoring of receiving waters. Each approach offers its
own benefits and limitations. Modeling efforts offer the opportunity to simulate wide
ranges of conditions but can be limited in accuracy based on the assumptions that must
be made when knowledge of the precise impact of variables is not known. Field
studies are site-specific with regard to soils, hydrology, agronomy, and prevailing
weather.

Evaluating environmental impacts of agricultural production practices, including
pesticides, has evolved toward a more systems-oriented holistic approach in recent
years, in accord with recommendations put forth by the National Research Council
(19). In the Midwest, the Management Systems Evaluation Areas (MSEA) program
represents an ambitious regional approach that includes the goals of identifying and
evaluating agricultural management systems that can protect water quality, and assess
the impact of agricultural chemicals and practices on ecosystems associated with
agriculture (20). This program recognizes that field studies are necessarily site
specific and that a diversity of conditions are encountered from site to site, but also
that results of multiple projects sharing common objectives will form a powerful tool
in solving regional problems.

Materials and Methods

“A Sustainable Agriculture Project at Chesapeake Farms” is a watershed-focused
long-term comparison of four cash grain farming systems relevant to the mid-Atlantic
region of the U.S. The project arose out of discussions among representatives of
DuPont Agricultural Products and a number of progressive thinkers from diverse
perspectives concerned about agricultural sustainability.  Collaborators include
environmental and agricultural non-profit organizations, government agencies,
academia, agri-business, and a group of concerned farmers. Each contributes specific
talents, diverse thinking, and resources needed to ensure the project’s success and give
the project the depth of thought needed to help meet the groups’ common challenges.
A Farmer Advisory Board guides all decisions, assists with outreach, and ensures
compliance with local concerns.

Chesapeake Farms encompasses 1335 ha of agricultural and wildlife habitat lands on
the Eastern Shore of the Chesapeake Bay near Chestertown, MD. Soils range from
gravelly upland soils to low-lying hydric soils. Predominant agricultural soils are silt
loams, with management concerns including crusting and drainage. The predominant
soil type in the area under investigation is Mattapex Variant silt loam (fine-loamy,
mixed, mesic Aquic Hapludult), considered deep and moderately well-drained, formed
in silty loess deposited by wind on older, clayey soil. The AP horizon (approximately
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28 cm) has about 2% organic matter, CEC of around 8.0 meq/100 g, and pH is
maintained in the 6.0 to 7.0 range by liming.

The four farming systems at Chesapeake Farms are subject to distinct rotation
schemes, tillage practices, fertility programs, and methods of pest control, all options
currently in use on farms in the mid-Atlantic region of the U.S. Each system covers
approximately 4 ha and occupies a discreet watershed so that runoff water, soil,
nutrients, and pesticide losses can be monitored. Grass waterways and berms manage
surface runoff for each watershed, and a flume with automated monitoring equipment
is used to measure and samples runoff water (Figure 1). The systems demonstrate
varying reliance on rotational diversity and in-season management and labor; make
optimal use of fertilizers, crop protection chemicals, and other purchased input; and
employ Best Management Practices to keep sediments, nutrients, and pesticides on the
field and out of the water. A replicated, small-plot experiment based on the four
cropping systems in the watershed study is being conducted in an adjacent field of
similar soil type. Comparisons are made on yield, soil tilth, fertility, and pest
populations, as well as nutrient and pesticide movement through the soil profile via
both passive and suction soil-water samplers.

Cropping Systems. Each cropping system is managed using commercial farming
equipment, with all procedures being performed as close to the ideal time, considering
prevailing conditions, as possible for optimum crop production. Pesticide applications
were made with commercially formulated products, in water or liquid fertilizer, by
either custom applicators or on-farm equipment.

System A. System A consists of continuous no-till corn, with rye cover crop
(A2) and without rye cover crop (Al). Systems Al and A2 employ a “programmed”
approach to pest and nutrient management, in which crop protection is accomplished
largely through pre-planned applications of products known to control the anticipated
pests. System A employs approximately 3600 g/ha of pesticides annually, including
atrazine and cyanazine for burndown of existing vegetation at planting time (together
with 2,4-D, as well as paraquat for added burndown of the rye cover crop). Insecticide
is included in furrow at planting time (tefluthrin in 1994 and 1995, chlorethoxyfos in
subsequent years), and es-fenvalerate is included in the ‘“burndown” herbicide
application (for which the carrier is a nitrogen fertilizer solution). A combination of
nicosulfuron and dicamba is applied postemergence for perennial weeds. Within this
program approach, the triazines were applied in 1994 and 1995 at rates designed to
provide season-long annual weed control, the program then being completed with a
spot application of the nicosulfuron/dicamba mixture, which was applied to 30% of
the field in 1994. By 1995, however, due to a long history of triazine use on the farm,
escaping triazine-resistant weeds required treatment on 80% of the field. For
subsequent years, a planned approach was employed with a reduced rate of the
triazines and a postemergence broadcast application of the nicosulfuron/dicamba
mixture. Pesticide runoff monitoring efforts for this system have focused primarily on
the triazines and nicosulfuron (Tables I and II).
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Table 1. Annual Herbicide Concentrations and Losses for Watershed A
DAA Amount
Avg. Conc. Max. Conc. days Loss Loss applied
Herbicide (ng/L) (ng/L) (event) (%) (g/ha) (g/ha)
1994

Atrazine 5.16 240.00 2(1) 1.25 8.79 701.8
Cyanazine 25.54 >1000 2(1) 1.96 43.46 2213.5
Nicosulfuron 0.002 0.07 20(1) 0.04 0.003 8.8
1995

Atrazine 19.62 327.00 1(1) 14.29 100.26 701.8
Cyanazine 20.04 212.00 11(4) 4.67 103.45 2213.5
Nicosulfuron 0.672 10.55 5(1) 10.40 2.45 23.6
1996*

Atrazine 120.97 280.00 8(2) 15.43 77.33 501.3
Cyanazine 53.93 550.00 (1) 431 68.10 1581.1
Nicosulfuron 2.03 3.85 3(1) 4.67 1.37 29.4

* Includes estimated flow and loss for 2nd event after application, a major event when
sampler failed. Flow and loss were estimated based on measured flow for this event in other
watersheds and their known relationships to this watershed, and pesticide concentrations in
similar events the same week in this watershed.

Table II. Annual Herbicide Concentrations and Losses for Watershed A2

DAA Amount
Avg. Conc. Max. Conc. days Loss Loss applied
Herbicide (pg/L) (ug/L) (event) (%) (g/ha) (g/ha)
1994
Atrazine 4322 680.00 1(1) 3.64 15.94 438.4
Cyanazine 84.79 1035.00 1(1) 2.26 31.28 1382.8
Nicosulfuron 0.01 0.13 34(2) 0.12 0.003 2.6
1995
Atrazine 7.86 114.00 11(2) 3.87 16.04 414.6
Cyanazine 8.48 162.00 9(1) 1.32 17.31 1307.9
Nicosulfuron 0.18 1.28 19(1) 3.36 0.43 12.9
1996
Atrazine 50.18 150.00 1) 11.60 31.91 275
Cyanazine 43.48 290.00 7(1) 2.97 25.72 867.3
Nicosulfuron 1.17 7.37 3(1) 4.97 0.81 16.2

System B. This system employs a two-year corn and soybean rotation with
deep-tillage prior to corn, and full-season no-till soybeans. System B also relies on
programmed pest and nutrient management. System B employs approximately
3400 g/ha of pesticides annually. For corn, these include atrazine, cyanazine, and
metolachlor applied and incorporated into the top 5 cm of the soil prior to planting
corn. Spot applications of a nicosulfuron/dicamba mixture are made to control
perennial weeds. The rotation with soybeans, with the herbicides used there, has
prevented any buildup of triazine-resistant weeds. The programmed approach for
soybeans includes a planting-time application of a mixture of metribuzin, chlorimuron
ethyl, and alachlor, together with glyphosate if needed for additional “burndown”,
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Table II1. Annual Herbicide Concentrations and Losses for Watershed B

DAA Amount
Avg. Conc. Max. Conc. Days Loss Loss applied

Herbicide (ng/L) (ug/L) (event) (%) (g/ha) (g/ha)
1994
Alachlor 4.23 36 0(1) 0.15 2.60 1733.1
Metolachlor 235 11 31 0.25 1.44 578.9
Atrazine 2.85 8 8(2) 0.83 1.75 2103
Cyanazine 1.39 12 3(1) 0.13 0.85 663.3
Metribuzin 0.01 0.12 54(4) 0 0.01 133.9
Chlorimuron ethyl 1.08 12 o(l) 2.61 0.62 239
Nicosulfuron 0.02 0.08 21(3) 0.33 0.01 4.2
1995
Alachlor 0.72 297 54(4) 0.11 1.23 1161.3
Metolachlor 0.41 8.6 29(4) 0.08 0.70 863.9
Atrazine 0.7 8.08 29(4) 0.38 1.20 313.8
Cyanazine 0.3 11.7 29(4) 0.05 0.51 989.9
Metribuzin 0.01 0.52 25(3) 0.03 0.02 89.8
Chlorimuron ethyl 0.18 5 12(2) 1.76 0.26 14.9
Nicosulfuron 0.07 0.53 21(2) 1.72 0.11 6.3
1996
Alachlor 2.89 210 4(1) 0.77 13.33 1733.1
Metolachlor 25 9.6 28(2) 2.03 11.73 578.9
Atrazine 2.08 8.2 28(2) 4.57 9.61 2103
Cyanazine 0.85 5 26(1) 0.59 3.93 663.3
Metribuzin 0.62 37 4(1) 2.14 2.87 1339
Chlorimuron ethyl 0.41 25.3 41 1.17 0.26 22.6
Thifensulfuron methyl <0.05 <0.05 NA <LOD <LOD 0.1
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Table IV. Annual Herbicide Concentrations and Losses for Watershed B-R

DAA Amount
Avg. Conc. Max. Conc. days Loss Loss applied
Herbicide (ng/L) (ug/L) (event) (%) (g/ha) (g/ha)
1995
Alachlor 0.341 1.82 25(2) 0.07 0.55 781.6
Metolachlor 0.021 8.16 29(4) 0.07 0.32 468
Atrazine 0.89 8.8 148(11) 0.84 1.43 170
Cyanazine 0.174 10.82 29(4) 0.05 0.28 536.2
Metribuzin 0.016 0.43 25(2) 0.04 0.03 60.4
Chlorimuron ethyl 0.025 0.34 25(2) 0.3 0.03 10.1
Nicosulfuron 0.011 0.15 21(2) 0.39 0.01 34
1996
Alachlor 0.69 2294 4(1) 1 9.34 938.93
Metolachlor 0.0779 3.07 28(2) 2.706 10.54 389.61
Atrazine 1.31 224 28(2) 12.54 17.74 141.53
Cyanazine 0.281 1.49 28(2) 0.853 3.81 663.27
Metribuzin 0.197 3.69 4(1) 1.38 2.66 89.75
Chlorimuron ethyl 0.17 2.96 4(1) 1.34 0.18 13.1

followed by a postemergence spot application of a mixture of chlorimuron ethyl plus
thifensulfuron methyl plus quizalofop for perennial weeds. Monitoring efforts in
system B focused on the triazines, acetanilides, and sulfonylureas (Tables III and IV).

System C. System C is a two-year corn, wheat, and soybean rotation with
no-till corn, conventionally tilled high-management wheat, and no-till double-crop
soybeans. System C uses prescription pest and nutrient management, in which crop
protection practices and fertility applications are based on scouting and diagnostics.
System C employs approximately 200 g/ha of pesticides annually. In corn, glyphosate
with or without 2,4-D is applied at planting time to destroy existing vegetation. A
combination of nicosulfuron and dicamba was applied postemergence for annual weed
control in 1994 and 1995, atrazine was added to this mixture in 1996. In wheat, a
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