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Globalization of markets and the growing world population increase threats of invasive and exotic
species and place greater demands on food and fiber production. Pest management in both agricultural
and nonagricultural settings employs established practices and new biological, chemical, and
management technologies. Pesticides are an essential tool in integrated pest management. Without
pesticides a significant percentage of food and fiber crops would be lost, infectious diseases would
increase, and valuable native habitats would be devastated. Therefore, it is important to understand
the environmental fate of pesticides and assess their potential exposure and associated risks to human
health and the environment. This paper summarizes the Advances in Pesticide Environmental Fate
and Exposure Assessment symposium held at the 231st National Meeting of the American Chemical
Society (Atlanta, GA, 2006). The focus of the symposium was to provide current information on
advances in pesticide environmental fate and exposure assessments. Thirty papers were presented
on advances ranging from subcellular processes to watershed-scale studies on topics including
chemical degradation, sorption, and transport; improved methodologies; use of modeling and predictive
tools; exposure assessment; and treatment and remediation. This information is necessary to develop
more effective pesticide use and management practices, to better understand pesticide fate and
associated exposures and risks, to develop mitigation and remediation strategies, and to establish
sound science-based regulations.
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INTRODUCTION

The U.S. Census Bureau projects the world population will
reach 9.4 billion by the year 2050 with 419 million people
residing in the United States (1). The growing population and
greater requirements for food and fiber place increased pressures
on agricultural production and the need for effective pest
management. Globalization of markets and trading have also
increased demands for pest management as invasive and exotic
species threaten native habitats and indigenous organisms and
further challenge food and fiber production (2,3).

Pest management in both agricultural and nonagricultural
settings employs established practices and new technologies to
ensure an abundant food supply and control harmful and

nuisance pests. Although new biological, chemical, and man-
agement technologies are continually being developed to provide
more sustainable production alternatives, it is expected the use
of pesticides will continue to be an essential tool in integrated
pest management. Pesticide use in the United States exceeds 2
billion kilograms annually with approximately 77% accounting
for agricultural usage (4). Without pesticides a significant
percentage of food and fiber crops would be lost, infectious
diseases would increase, and valuable native habitats would be
devastated by invasive species.

Pesticides are biologically active compounds designed to
interfere with metabolic processes (5, 6). Therefore, it is
important to understand the environmental fate of pesticides and
assess their potential exposure and associated risks to human
health and the environment. The application of pesticides to
targeted areas inevitably results in the transport of a portion of
these chemicals and their degradation products to surrounding
nontarget areas. The detection of pesticides and their degradation
products in soil (7, 8), water (9, 10), and air (11,12) and reported
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adverse effects of pesticides to nontarget organisms and
ecosystems at environmentally relevant levels (13-15) have
invoked public concern. Understanding the physical, chemical,
and biological processes that control the behavior of pesticides
in the environment, and their effects on target and nontarget
species, is imperative for improving our ability to identify and
develop pest management strategies that are effective yet have
minimal adverse impacts to human health and the environment.
This paper summarizes a symposium held at the 231st National
Meeting of the American Chemical Society to examine advances
in pesticide environmental fate and exposure assessments. Such
information is necessary to develop more effective pesticide use
and management practices, to better understand pesticide fate
and associated exposures and risks, to develop mitigation and
remediation strategies, and to establish sound science-based
regulations.

DISSIPATION, DEGRADATION, AND SORPTION OF
CHEMICALS

Many advances have been made in assessing the environ-
mental fate of organic compounds over the past decade. With
the ability to sequence genes, we can now understand the
mechanisms associated with microbial degradation of man-made
chemicals. Evaluation of degradative capabilities of microorgan-
isms under various conditions can allow for optimization of
remediation strategies. Although we have achieved a better
understanding of degradation pathways and degradation mech-
anisms for many organic compounds, we have also gained
insight into possible mechanisms of formation of naturally
occurring compounds, such as perchlorate. Optimization of study
designs has resulted in the ability to assess the fate of new
formulations such as seed treatments, as well as to obtain paired
data from aerobic soil metabolism and sorption-desorption tests.
The data obtained from such studies can be used in models to
evaluate expected environmental concentrations.

Sorption-Desorption.The most important process affecting
the transport of pesticides through soil is sorption-desorption
behavior because it controls the amount of pesticide available
for transport (16). The traditional laboratory method of deter-
mining the leaching potential of a pesticide has been the use of
the batch slurry equilibrium adsorption desorption testing. The
resulting sorption coefficients are used as input parameters into
pesticide transport models. Often the leaching potential of a
pesticide is overpredicted when sorption coefficients obtained
from the batch slurry method are used, which may be related
to incomplete phase separationsfor example, for strongly sorbed
compounds such as pyrethroidssor to the high margin of error
of the sorption coefficient due to errors in concentration mea-
surement and degradation of weakly binding or readily degraded
pesticides.

To better handle the issue of biphasic degradation and
nonequilibrium sorption, researchers at this symposium pre-
sented a new study design which combines two sets of experi-
ments that would allow for the simultaneous generation of both
degradation and aged sorption parameters. For this approach,
soil samples are incubated aerobically in the dark at standard
temperature and constant field moisture, and at various intervals,
samples are sacrificed and extracted sequentially with a CaCl2

solution followed by organic solvents. The amount of pesticide
extracted from soil using CaCl2 provides an indication of the
amount that can desorb from soil, whereas the solvent extraction
provides an indication of pesticide which is more strongly bound
or sorbed. The resulting degradation rate and sorption coefficient
data obtained from this test can be used as input parameters for

a two-compartment kinetic sorption model to estimate pesticide
environmental concentrations in groundwater (17).

Synthetic pyrethroids, a widely used class of insecticides in
both agricultural and urban environments, bind strongly to soil.
This class of compounds has traditionally been classified as
immobile in the environment (18). Studies have shown that
pyrethroids may move in runoff to surface water streams (19-
23). Once reaching surface water, pyrethroids primarily associate
with bed sediment, which is a potential water quality concern
from the standpoint of sediment toxicity (21,22). Pyrethroids
bind readily to dissolved organic matter, and determination of
sorptive behavior is difficult using the batch slurry equilibrium
method because this method can be used only to determine the
partition of a chemical between solid and aqueous phases. The
partitioning of an organic compound between dissolved organic
matter and water is more difficult to measure, as the two phases
are not easily separated. Researchers presented a method that
uses solid-phase microextraction (SPME) for detecting the freely
dissolved chemical concentration (24). They tested this method
for eight pyrethroid insecticides in two sediments. The sorption
coefficient obtained with SPME was 2-34 times greater than
that determined using the conventional solvent extraction
method. The use of a selective method such as SPME to detect
the freely dissolved chemical concentration may offer significant
improvements in the determination of sorption coefficients for
strongly hydrophobic pesticides.

Leaching/Infiltration. Determining the mobility of a slow-
release active ingredient applied as a seed treatment was
investigated in soil columns in the greenhouse (25). Pesticide-
treated seeds are increasingly being formulated for reducing
environmental exposure (26-29). Many of the pesticides being
used for seed treatment exhibit time-dependent sorption (30).
Researchers designed a specialized column study that was
conducted in the greenhouse over the normal life cycle of the
corn plant. At the completion of the study, a cumulative 0.12%
of the applied radioactivity moved through the 60 cm soil
columns and was detected in the leachate. Ninety-six percent
of the pesticide residues remained in the top 15 cm of soil. The
amount of radioactivity in the leachate declined over time,
indicating that the remaining residues became more tightly
bound to the soil, thus reducing the potential for additional
residues leaching into groundwater. Results of the column
leaching study were modeled using the Pesticide Emission
Assessment at Regional and Local scales (PEARL), a one-
dimensional (vertical) model that simulates physical, chemical,
and biological processes of an agricultural crop production
system (31). The PEARL model is capable of modeling both
instantaneous equilibrium and kinetic sorption using a linear
two-site sorption model. The model was evaluated on the basis
of soil and leachate concentrations monitored throughout the
growing season of the plant. Measured concentrations were
compared to model predictions for two scenarios: one assuming
equilibrium sorption by specification of an organic carbon
sorption coefficient and another assuming kinetic sorption by
specifying a fraction of sorption sites undergoing kinetic sorption
and the rate constant for desorption. With the scenario of
instantaneous equilibrium, overprediction of the movement of
peak pesticide concentrations in the profile resulted. With the
scenario of sorption kinetics, the predicted movement of the
compound in the soil profile was more in line with what was
observed in the study. The combination of the soil column study
and subsequent PEARL modeling shows that exposure assess-
ments based only on the pesticide half-life and distribution
coefficient alone result in overestimation of pesticide leaching
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potential for compounds that exhibit time-dependent sorption
characteristics.

While advances have been made in the laboratory to define
appropriate input parameters to transport models to predict the
mobility of pesticides in the environment, field dissipation
studies provide a mechanism for empirically determining the
degradation and mobility of pesticides through the soil profile.
Researchers presented work on a two-year field dissipation study
for isoxaflutole, a pre-emergence corn herbicide, which rapidly
converts to its active diketonitrile degradate, DKN. The study
was conducted in three soil types (sandy loam, loam, and clay
loam) in west central Minnesota to indicate the rate at which
isoxaflutole/DKN dissipates under the relatively cool, wet soil
conditions typical of the northern Corn Belt. Separate plots were
treated with isoxaflutole and potassium bromide, a nonsorbed,
non-degraded tracer. Soil cores were collected to 1 m depth
and sectioned into 0-10, 10-20, 20-40, 40-60, and 60-100
cm increments; bromide or herbicide concentration was mea-
sured at each depth. Leaching of both tracer and herbicide
beyond 40 cm was observed. These results will provide
information to aid in the development of best management
practices for this herbicide (32).

Understanding and Enhancing Contaminant Degrada-
tion: Tools for Remediation. The intensive application of
pesticides in modern agriculture to ensure production quantity
and quality has resulted in contamination in soil, surface water,
and groundwater by some heavily used pesticides. The reme-
diation of contaminated soil is more complicated than that of
contaminated water because the many components of soil can
interact with the treatment chemicals. Anodic Fenton treatment
(AFT) has been shown to be a promising technology in pesticide
wastewater treatment. However, no research has been conducted
on the AFT application to contaminated soils. The principal
mechanisms and kinetics of Fenton-like reactions in simple and
well-characterized aqueous systems have been consistently well
documented. In contrast to aqueous systems, soils are complex,
heterogeneous, and site-specific media. Due to the complexity,
variety, and uncertainty of the soil matrix, the mechanisms and
reaction kinetics of Fenton-like processes in soil have not been
well understood, which hinders the application and improvement
of remediation technologies. Researchers studied the applicabil-
ity of this efficient, fast, and low-cost technology to help
optimize the treatment conditions that must be used in con-
taminated soil to make it effective (33). In their study, the
pesticide degradation kinetics of AFT in a soil slurry were
investigated for the first time and were found to follow a two-
stage kinetic model. During the early stage of 2,4-D degradation
(the first 4-5 min), experimental data follow a pseudo-first-
order kinetic model. In the later stage (i.e., after 6 min), the
AFT kinetic model provides a better fit. The effects of initial
2,4-D concentration, Fe2+ delivery rate, H2O2/Fe2+ ratio, humic
acid concentration, and pH on the degradation kinetics have
also been studied. Correlations between various experimental
conditions and reaction rate constants and/or Fe2+/•OH lifetimes
were developed, which could provide useful tools in the future
treatment of pesticide-contaminated soils by AFT (34).

Formetanate hydrochloride is a bifunctional insecticide with
high solubility and toxicity and has the potential to move in
aqueous environments. To facilitate the design of more specific
remediation technology for formetanate-contaminated surface
water, researchers studied the relative stability of the forma-
midine and carbamate groups of this compound under various
conditions. They found that the formamidine group is more
labile than the carbamate group under strongly basic conditions,

as well as under predetermined field conditions, with a half-
life of this group determined to be 3.9 h under strongly basic
conditions (pH 12.6) and 14.4 h under mildly basic conditions
(pH 7.6). In contrast, they found that the longevity of the
carbamate group may exceed 6 months due its resistance to base-
promoted degradation. The relative stability of the formamidine
and carbamate groups in this compound can be used to predict
the identity of its degradation products in water. The results of
this work may be used in the design of more specific remediation
technology for formetanate-contaminated surface water. Cur-
rently, agricultural runoff laced with formetanate hydrochloride
can be decontaminated via heterogeneous photocatalytic deg-
radation with titanium oxide catalysts (35). The efficiency of
this and other methods can be greatly enhanced by specifically
targeting known byproducts such asm-formamidophenyl-
methylcarbamate. Details of this research are found in subse-
quent papers (36,37).

Perchlorate is manufactured in large quantities as ammonium
perchlorate, primarily for use as an oxidizer in solid rocket
propellants. It is also used in fireworks, batteries, and automobile
air bags. It occurs naturally in small concentrations in nitrate
deposits in Chile and has been found in fertilizers derived from
these deposits but not in other fertilizers (38-40). It has also
been observed at low concentrations in surface water and
groundwater in the southwestern United States distant from
industrial sources. Studies were conducted using soils to
determine if perchlorate could be formed when dry chloride
salts were exposed to sunlight and laboratory UV light in the
presence of desert soils and titanium oxide (41). Soils were
obtained from Death Valley and Block Rock Desert and
contained naturally occurring perchlorate at 29 and 16µg/kg,
respectively. Existing perchlorate was removed by washing soil.
Additional chloride was added, and soils were exposed to
sunlight and UV for 1-4 months. Perchlorate was generated
in both sunlight and ultraviolet light on the soils (<4-29 µg/
kg). Higher amounts were generated on titanium dioxide. The
mechanism proposed for formation is a stepwise oxidation of
chloride. Their data suggest a potential mechanism for natural
generation of perchlorate on soil in the desert southwest.

Water-monitoring programs have shown that pesticides are
found in surface water and groundwater (42, 43). The water in
these monitoring programs, however, is raw water, which has
not gone through any drinking water treatment processes.
Drinking water for the majority of the U.S. population is treated.
Exposure to pesticide residues via drinking water is a critical
component of human risk assessments performed for registration
or re-registration of active ingredients with the U.S. EPA. A
general strategy was utilized by Bayer CropScience to determine
the fate of pesticides in laboratory studies that mimic the
drinking water treatment processes (44). The effects of floc-
culation, sedimentation, disinfection by chlorination, and treat-
ment with activated carbon were determined using radiolabeled
pesticides. Degradation of the parent compound and formation
of degradates were determined for an experimental compound.
Whereas the parent compound was stable in untreated raw water,
it was completely degraded upon chlorination of the water.
Powdered activated carbon removed the majority of the pesticide
residues. Degradates formed were a mixture of small molecular
weight acids of no toxicological concern. The effect of drinking
water treatment on agrochemicals is an important issue. Labora-
tory-scale tests can be very useful in determining the effects of
the various treatment processes. Additionally, the use of radio-
labeled active ingredients will enable measurement of the forma-
tion of degradation products during these treatment processes.
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Understanding Microbial Degradation of Pesticides: Tools
for Bioremediation. Offsite movement of pesticides to surface
water and groundwater is a major environmental concern.
Atrazine, a herbicide that has been widely used over the past
30 years, has been detected in surface water and groundwater
(45,46). In an effort to find a viable bioremediation strategy to
deal with atrazine-contaminated soils, a number of researchers
have independently isolated atrazine-degrading bacteria from
sites that were previously exposed to atrazine (47-51). Re-
searchers working with atrazine-degrading bacteria have isolated
genes responsible for the catabolism of atrazine and other
triazines. With the determination of the complete genomic
sequence ofArthrobacter aurescensTC1, researchers have
found that atrazine catabolic genes are located on a large plasmid
and that thetrzN gene initiates this degradation (52). Pseudomo-
nasstrain ADP metabolizes atrazine as its sole nitrogen source
via three enzymatic steps encoded by the genesatzA,atzB, and
atzC (53). TheatzA,atzB, and atzCgenes were localized to a
self-transmissible plasmid, pADP-1, and the complete nucleotide
sequence of pADP-1 revealed the relative locations of these
genes. Further analysis indicated the presence of three new
catabolic genes,atzD, atzE, and atzF. Understanding the
genomics and genetics of soil bacteria can provide insight into
the evolution of plasmid-borne pathways to encode the catabo-
lism of anthropogenic compounds.

Concerned with the environmental contamination by pesti-
cides such as organophosphates (OP) as well as industrial chem-
icals such as polycyclic aromatic hydrocarbons (PAHs), re-
searchers have been working to isolate PAH- and OP-degrading
bacteria from a petroleum-contaminated soil and to study their
taxonomy and degradation potential. Bacterial species isolated
from contaminated soil can degrade a wide range of pesticides
and PAHs. This degradative potential could be exploited as an
effective bioremediation technology for environmental cleanup
strategy. Researchers isolated and characterized 19 bacterial
strains from a soil contaminated with 13 PAHs and 12 PAH
metabolites. Some strains were capable of degrading phenan-
threne completely after 7 days of incubation. One of these strains
(C3) could also decompose nine carbamate pesticides, with up
to 100% decomposition of aminocarb, carbaryl, and xylylcarb
in 14 days. Metabolite and protein profiling showed a compre-
hensive metabolic network of the pesticides and PAHs (54).

Pentachloronitrobenzene (PCNB) is an organochlorine fun-
gicide produced in the United States since 1962 (55), and it is
used to control turf diseases. This pesticide has been found in
surface water and groundwater. Efforts to find microbial means
for bioremediation of this contaminant are being pursued.
Researchers in this symposium presented their work on the effect
of pH and temperature on the microbial reductive transformation
of PCNB with a mixed fermentative/methanogenic culture
developed from a contaminated estuarine sediment. Significant
differences were observed in terms of biotransformation rate,
extent, and products as a function of temperature. Details of
this study are published in this issue (56). Overall, the results
of this study indicated that pH and temperature are two important
parameters which affect the reductive biotransformation rate and
extent of PCNB. The microbial reductive transformation of
PCNB will be useful in optimizing pH and temperature
conditions for the enhancement of bioremediation applications
related to soil and sediments contaminated with PCNB and
cloranilines (56).

PESTICIDE TRANSPORT WITH RUNOFF

Chemical pollutants, including pesticides, have been detected
in the surface waters of urban and agricultural areas (9, 10, 57).

A number of these compounds have been shown to reduce water
quality and result in adverse effects to sensitive organisms,
aquatic ecosystems, and human health, depending on their
concentration and duration of exposure (13-15, 58, 59).
Pesticides can be displaced from their site of application to
nontarget surface waters via spray drift, volatilization, and
transport with water. A greater understanding of pesticide
transport with runoff and leachate, factors that influence runoff
and associated pesticide loads, and evaluation of remediation
strategies to reduce pesticide loads with runoff were discussed.

Runoff. The potential for pesticides to be transported with
surface runoff have been evaluated with natural rainfall,
simulated rainfall/irrigation, and computer model simulations
in both agricultural and nonagricultural settings (60-64). In
most simulated-rainfall studies precipitation is produced at a
constant intensity or fixed rainfall rate, which is atypical of
natural storm events demonstrating large with-in storm varia-
tions. To determine the impact of variable and constant rainfall
intensities on the transport of herbicides with surface runoff,
studies were initiated to quantify loads of two herbicides
(fluometuron, pendimethalin) with runoff as influenced by
rainfall intensity (constant or variable rainfall) and tillage
practices (strip or conventional tillage). Variable rainfall intensity
produced greater runoff rates of both herbicides from plots under
conventional tillage, whereas no significant difference in
herbicide runoff rates was observed between variable or constant
rainfall intensity patterns from strip tillage plots. Results of this
study suggest use of variable intensity rainfall patterns that
simulate characteristics of natural rainfall can improve rainfall
simulation-based estimates of pesticide runoff (65).

The influence of rainfall distribution on pesticide loss through
runoff and subsurface drainage was also investigated. Research-
ers utilized the Root Zone Water Quality Model (RZWQM) to
simulate pesticide transport with temporally discrete versus
coarse rainfall data for three artificially subsurface-drained sites
in Baton Rouge, LA, and Allen and Owen Counties, Indiana.
RZWQM was calibrated on the basis of measured subsurface
drain flow and bromide concentrations quantified in drain flow
as a result of application of potassium bromide (KBr), a
conservative tracer. Simulations were conducted with hourly
rainfall, average storm duration, and distributed daily rainfall
data. Rainfall intensity and duration had a greater impact on
simulated subsurface drain flow than runoff. Details of this
research are found in a subsequent paper (66).

Conservative tracers have historically been utilized as hy-
drologic tools for characterizing water movement through soil
and tracking subsurface water flow (67-69). Massey et al. (70)
reported the use of KBr and plastic tarps enhanced the
understanding of solute movement with runoff from turf, the
measurement of whole-plot rainfall application rates, and the
integrity of runoff collection systems, improving site-to-site
comparisons of multisite research projects. Other researchers
have demonstrated conservative tracers can be utilized to
develop pesticide and fertilizer application strategies to reduce
off-site transport of chemicals with runoff from turf (71).

Vegetative Buffers: Mitigating Pesticide Transport with
Runoff. Various remediation strategies have been designed and
implemented to mitigate pesticide contamination (70-74).
Multiple species riparian grass buffers are considered to be a
cost-effective approach to reduce herbicide concentrations from
edge-of-field runoff; however, design criteria important to meet
sufficient removal rates are not well documented. Research was
conducted to determine factors that will optimize riparian grass
buffers, identifying physical, biological, and chemical processes
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that are involved in herbicide mitigation. Growth-chamber and
field studies revealed increased microbial enzymatic activity and
greater degradation rates of herbicides in the rhizosphere of C4
warm-species plants relative to C3 cool-season species plants.
C4 warm-species plants were most effective at reducing
herbicide transport, and 8 m buffers containing native species
reduced herbicide concentrations in surface runoff by 75-80%,
demonstrating inclusion of native species in multiple species
buffers will facilitate rapid mitigation of herbicides and reduce
their off-site transport to surface and subsurface waters (75).

Another tool utilized to determine optimal design and
placement of buffers is the Riparian Ecosystem Management
Model (REMM) (76). This model has become an accepted tool
for agricultural nutrient nonpoint runoff (77, 78). Recently,
algorithms describing pesticide processes have been added to
the model, including inputs for pesticides in runoff and
subsurface flow, sorption by soils as affected by solute ioniza-
tion, and transport and degradation within the buffer compart-
ments. REMM can provide information for the design and
placement of buffers as it evaluates plant/soil systems intended
to intercept and remediate surface and subsurface flows from
agricultural systems (79).

MODELING AND PREDICTIVE TOOLS

Advances in Predictive Models and Interpretation.Ground-
water is an important natural resource that needs to be protected
from potential pesticide contamination due to agricultural
practices. During pesticide registration, a compound is evaluated
to assess its potential hazard to groundwater and human health
via exposure by drinking water (www.epa.gov). Currently the
U.S. EPA utilizes the SCI-GROW model for estimating
groundwater concentrations. This tier I model considers infor-
mation from the label and minimal chemical parameters. Results
provided from SCI-GROW are a single fixed-point estimate of
exposure that is assumed to represent the entire United States
and does not consider regional differences in soil type and
climate conditions or areas with greater vulnerability. A more
refined tier II approach is desired by both regulators and industry
to assess potential groundwater contamination on the basis of
an intended use and regional area. Pesticide Leaching U.S.
(PLUS) is a prototype modeling tool that was developed on
the basis of the groundwater model Pesticide Root Zone Model
(PRZM) and considers over 8000 soils and 184 weather stations
(80). This tool provides more regional ranking of soil vulner-
ability, creates spatial and probabilistic exposure estimates, and
provides daily concentrations that can be utilized in drinking
water assessments. Jackson et al. (80) describes in detail the
methods, results, and effectiveness of PLUS as a regional
estimator of potential groundwater contamination.

Regulatory agencies use the PRZM-Exposure Analysis Mod-
eling System (EXAMS) model to conduct aquatic exposure
assessments for U.S. agrochemical registration. This predictive
model utilizes standard scenarios with specific crop/soil/weather
condition combinations that represent 90th percentile transport
risk. Members of the Environmental Exposure Work Group
within CropLife America (EEWG/CLA) have noted an over-
prediction of erosion in a standard regulatory modeling scenario
within PRZM-EXAMS (81). They examined the scenarios with
EXPRESS model shell and compared resulting runoff and
erosion outputs with baseline datasets developed to rank all soil/
weather combinations. The EXPRESS predictions were reason-
ably agreeable with baseline values except for eight scenarios
that predicted exceptionally high levels of erosion. Erosion
factors were compared between three apple scenarios within

PRZM that considered different areas in the country (North
Carolina, Oregon, and Pennsylvania) but had similar rainfall
data. The authors noted that the erosion factor, C-Factor (crop/
vegetation and management factor), in the Pennsylvania apple
scenario differed dramatically (15-20 times higher) from those
of the other two scenarios. Thus, as a consequence, when a
pesticide evaluation is conducted, PRZM-EXAMS predicts
unrealistic soil erosion, erosion pesticide flux, water concentra-
tions, and benthic sediment concentrations. The unrealistic
predicted soil erosion in the Pennsylvania apple scenario would
result in the “standard pond scenario” (1 ha pond-2 m deep,
10 ha watershed) completely filling up with sediment after 36
years. The C-Factor for the Pennsylvania apple scenario
considers a bare ground orchard with conventional tillage where
in reality the common crop management practice for sloped
orchards is to have a vegetative strip in the rows between the
trees, which would reduce soil erosion. The authors conducted
the same pesticide evaluation again with the Pennsylvania apple
scenario but considered a reduced C-Factor. Results from this
revised evaluation were reduced and more similar to those of
the North Carolina and Oregon apple scenarios. This demon-
strated the C-Factor has a significant impact on the predicted
amount of soil erosion and on the estimated environmental
conditions.

Degradation rates of pesticides and their metabolites are
among the most essential parameters required in evaluating their
potential environmental exposure. Approaches used in calculat-
ing the degradation parameters from experimental data can
significantly affect the resulting degradation rates and thus the
environmental risk assessments and evaluation of an agrochemi-
cal. For the European pesticide registration process it was
evident there was a need for technical guidance and harmoniza-
tion. FOCUS (Forum for the Co-ordination of pesticide fate
models and their Use) formed a workgroup of experts that
developed recommendations for calculating degradation kinetics
of agrochemicals in the European Union (EU) registration
process. The FOCUS Degradation Kinetics Workgroup provided
a guidance document on the calculation of degradation/dissipa-
tion rates of parent compound and metabolites from laboratory,
field, and water-sediment studies (82). A member of this
workgroup and author in the symposium discussed the FOCUS
guidance on the calculation of persistence and degradation
kinetic endpoints for metabolites (83). It is important that
relevant metabolites of pesticides be considered in the envi-
ronmental risk assessments. Often the kinetics of metabolites
are more complex because their formation and degradation occur
simultaneously. FOCUS (82) gives detailed guidance on select-
ing the appropriate kinetic models for the parent compound and
metabolites, deriving metabolite triggers and kinetic endpoints
for metabolites from studies conducted with the parent com-
pound, and following a stepwise approach for more complicated
datasets.

Conceptual models serve as a frame of reference for the
discussion of environmental variables that are involved in
determining the fate and transport of pesticides in the environ-
ment. Although many models exist, there is no agreed upon
standard conceptual model. Authors at this symposium presented
the concept of a multiscalar model for agrochemical fate and
transport for agrochemical entry into flowing and static surface
waters and subsequent environmental fate (84). This conceptual
model addressed micro-, meso-, field, and watershed scales.
Such a conceptual model would facilitate constructive discussion
of factors that lead to discrepancies between various modeling
approaches and results from environmental monitoring studies.
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Predictive Tools for Understanding Environmental Fate
and Efficacy of Pesticides.Predictive tools can be used to
estimate chemical properties of pesticides when data are lacking.
An example is the SPARC computer simulation program from
The University of Georgia at Athens (85). This computer model
can calculate accurate ionization equilibrium constants as a
function of molecular structure. The majority of modern
pesticides are often more hydrophilic then the older pesticide
chemistry and thus can be acidic or basic. Understanding the
acid-base properties of pesticides is important for evaluating
their behavior in the environment. The authors noted that only
198 experimental pKa values were found of 445 active ingre-
dients. Ionic compounds with no documented pKa values may
be assumed as nonionic, which could lead to misinterpretation
of the persistence and mobility in the environment. In the
absence of data, SPARC can be a useful tool for predicting pKa

values for pesticides.
Soil fumigants play an important role in agriculture by

controlling plant pests that would otherwise prevent growers
from producing needed crops and commodities that are critical
to human health and nutrition. These highly volatile pesticides
are effective due to their ability to penetrate deep within the
soil layers to reach plant pests such as soil nematodes and weeds.
Emissions from soil fumigants can adversely affect the environ-
ment and human health; thus, there is a need to develop
improved agricultural techniques for existing products that will
reduce emissions while maintaining efficacy against plant pests.
Typically, expensive and time-consuming field trials are needed
to evaluate pest control efficacy, and therefore more inexpensive
and rapid predictive tools are required. Yates and Dungan (86)
investigated a new method to predict fumigant fate, transport,
and control of plant pests after soil fumigation by using a
2-dimensional soil column and a simple model. The soil gas
concentration and the volatilization of the fumigant (averaged
over the 2-D box) were measured, the fate and transport of the
fumigant was simulated with a model, mortality relationships
for plant pathogen were developed, and control of pathogens
was predicted using a concentration-time relationship. Com-
parison of the simulated and measured results indicated the
model predicted the overall pathogen control well, and the minor
observed differences would not change the fumigant application
management. Throughout the experiment, soil gas concentrations
and fumigant volatilization rates were overestimated by the
model; though predictive cumulative emissions were accurate.
Yates and Dungan (86) noted the soil degradation coefficient
was important in describing the fate and transport of the
fumigant throughout the study, but additional research is needed.

Geographic Information System (GIS) and other spatial data
were used to evaluate the potential for spray drift exposure from
agricultural pesticide applications near surface water (87).
Utilizing knowledge of surface water characteristics along with
detailed knowledge of the adjacent land cover, the potential for
spray drift exposure can be efficiently estimated for thousands
of water bodies over a large agricultural landscape. Information
on distance from crop to water, direction, and composition of
natural buffers can be assessed within a GIS. This information
can be applied to standard methods for calculating drift-related
concentrations in surface water such as AgDRIFT and FOCUS
models. Using a GIS, the effect of no-spray buffers can also be
quantified to examine the impact a specific label restriction may
have on the exposure distribution. Estimated concentrations can
be calculated for individual water bodies linked within a
hydrologic network, creating the ability to assess potential
watershed-level exposure.

DETECTION AND DISSIPATION OF PESTICIDES IN
SURFACE WATER

Tools for Selecting Monitoring Sites.When it comes to
large-scale monitoring studies, the selection of sampling loca-
tions on a regional and national basis can be challenging. The
key is to minimize time spent during field data collection to
assess as many potential monitoring sites on a watershed basis,
especially when areas of interest span multiple states. Utilizing
current data in a GIS prior to entering the field and during site
selection can help narrow potential sites and streamline the
selection process to meet study goals. The final goal is to select
sites that meet study criteria on the ground that can be
instrumented and monitored. Following a systematic process
minimizes personnel time at each potential field site. GIS can
be used to identify details of smaller watersheds that may be
difficult to see in the field, and it provides some cross-check
between national data sets and current conditions in the field.
Researchers (88) presented a local sampling site selection
process which began with a random spatially balanced selection
of large watersheds (100-300 mi2) that described the bounds
for smaller scale watershed selection. Major data criteria
included land use, pesticide usage, precipitation, soils, hydrog-
raphy, and drainage areas. A detailed GIS analysis using air
photos, river networks, and raster watershed analysis helped to
identify where smaller subwatersheds within these random larger
areas met study objectives. Applicable river sections were
identified where watershed criteria met the specific study criteria
for size and composition. Field teams then identified bridges
and sampling locations in the office prior to verification for
suitability via field visits. GIS approaches integrated the whole
process from the office to the field and made the process very
efficient and successful. Examples were presented demonstrating
where the procedure worked well and challenges to be resolved
in future studies.

Chemical monitoring programs that are linked to river
hydrology and weather data collection can be used to build
confidence in environmental and ecological exposure estimates
used to support pesticide registration and re-registration activi-
ties. A monitoring program is being conducted across the
midwestern United States that involves extensive instrumentation
activities. Snyder et al. (89) developed and deployed instruments
using forms for electronic data handling matched with data
redundancy approaches to ensure data delivery met or exceeded
Good Laboratory Practice standards (GLPs). The study was
planned to cover twice as many sampling stations during the
second year of sampling; however, the year one efforts to
establish an instrumentation methodology helped reduce costs
and realize great efficiencies in the second year. In this
presentation, the authors presented descriptions of the instru-
mentation design and installation challenges, data handling
structure, and a review of the operational reliability of ap-
proximately 90 complex installations at unique/remote locations.

Surface Water Monitoring Studies. Large-scale water
monitoring programs are conducted by the U.S. Geological
Survey (USGS). During 2004, the occurrence of 14 herbicides
and 41 herbicide degradation products was examined in 80 water
samples collected from 10 major Iowa rivers flowing to the
Missouri and Mississippi Rivers (90). All samples were analyzed
for herbicides and herbicide degradation products using previ-
ously developed liquid chromatography-mass spectrometry
(LC-MS) methods. Analysis for isoxaflutole (a restricted-use
corn proherbicide) and its degradation products diketonitrile (the
compound containing the herbicidal activity) and benzoic acid
used a new LC-MS/MS method. Similar to previous studies,
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atrazine, metolachlor, and seven triazine or acetamide degradates
were detected in almost every stream sample collected. By
comparison, isoxaflutole was detected in only 5% of the stream
samples, with diketonitrile (70%) and benzoic acid (55%) being
detected much more frequently. Only sparse information is
available on the occurrence of isoxaflutole and its degradates.
These results suggest that isoxaflutole degrades rapidly after
application and that its degradates are more likely to occur in
the environment (similar to several other herbicides).

A multiyear surface water monitoring study was conducted
in canals and Biscayne Bay of southern Florida. The area of
the Everglades, Biscayne, and Florida Bays is a unique
combination of highly productive agricultural lands: urban
expansion, engineered canal structures for flood control, and
critical terrestrial and aquatic wildlife habitat. Surface water
samples from canals and Biscayne Bay were analyzed for 39
pesticides (10). Atrazine and chlorpyrifos concentrations were
highest near corn production, whereas chlorothalonil and
endosulfan concentrations were highest near vegetable produc-
tion. No clear trend was observed for metolachlor, which was
used on multiple crops. The calculated aquatic life hazard
potential for the planting period (November) versus the harvest
period (March) showed that a higher hazard potential occurs
during harvest, primarily from the use of endosulfan. Coupling
these data to the life cycles of the aquatic organisms will provide
policy and decision makers with more realistic risk assessments
and producers with information to reduce the impact of
agricultural practices on sensitive ecosystems.

Pesticide Dissipation in Surface Waters.Surface runoff and
subsurface drainage have contributed to the detection of
pesticides in surface waters; however, surface waters may also
be intended sites of chemical application when the control of
nuisance or exotic invasive species in aquatic environments is
desired (91,92). 2,4-Dichlorophenoxyacetic acid (2,4-D), a
commonly used herbicide for weed control in agricultural and
turf environments, is also labeled for control of aquatic
vegetation such as Eurasian watermilfoil (Myriophyllum spica-
tum) and water hyacinth (Eichhornia crassipes) (www.green-
book.net). Whether intentionally applied to surface waters (direct
injection, foliar treatment) or inadvertently introduced (runoff,
subsurface drainage, spray drift), understanding the dissipation
of pesticides in aquatic environments and assessing their
potential effects on nontarget organisms are important for
protecting environmental and human health as well as product-
use registration. Required data are often obtained from labora-
tory to in situ microcosm studies, monitoring activities, and
model simulations. Researchers presented microcosm studies
in surface waters of Minnesota and Florida that showed rapid
dissipation of 2,4-D in treated areas to levels below the drinking
water standard. Factors influencing the rapid dissipation include
microbial processes, plant uptake, sediment binding, dispersion,
and dilution (93,94).

ENVIRONMENTAL FATE AND EXPOSURE ASSESSMENT

Requirements and demand for pest management will continue
to change with ever-shifting social, economic, and environmental
pressures. As new chemistries, crops, and practices emerge, it
is important to recognize their beneficial and adverse impacts.
Combinations of physical, chemical, and biological processes
determine the behavior of pesticides in the environment and
their effects on target and nontarget species. To improve our
ability to identify and develop pest management approaches,
we need to accurately measure and predict environmental
concentrations of pesticides and apply new understanding and

technologies to pest management strategies. This paper sum-
marized a symposium on the advances in the environmental
fate and exposure assessment of pesticides. Thirty research
projects were presented on topics ranging from subcellular
processes to watershed-scale studies: evaluating pesticide
degradation, sorption, and transport; improved methodologies;
treatment and remediation strategies; and the utilization of
models to predict environmental fate and exposure. Several of
these research projects are presented in greater detail in
subsequent papers. Use of the scientific advances discussed in
this symposium will further improve science-based regulations
and pest management strategies.
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