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a b s t r a c t

This paper presents a framework for cumulative risk characterization of human exposure to pesticides
through multiple exposure pathways. This framework is illustrated through a case study of selected orga-
nophosphate (OP) pesticides in the northern San Joaquin Valley of California. Chemical concentrations in
environmental media were simulated using a multimedia environmental fate model, and converted to
contamination levels in exposure media. The risk characterization in this study was based on a residen-
tial-scale exposure to residues of multiple pesticides through everyday activities. Doses from a mixture of
OP pesticides that share a common mechanism of toxicity were estimated following US Environmental
Protection Agency guidelines for cumulative risk analysis. Uncertainty in the human exposure parame-
ters was included in the Monte Carlo simulation in order to perform stochastic calculations for intakes
and corresponding risks of OP pesticides. Risk of brain acetylcholinesterase inhibition was reported as
margins of exposure (MOEs) of the 99.9th population percentile for two age groups living in the northern
San Joaquin Valley during 1992–2005. Diet was identified as the dominant exposure pathway in cumu-
lative exposure and risk, while the temporal trend and spatial variation in total MOE levels were associ-
ated with exposures to contaminated drinking water and ambient air. Uniformly higher risks were
observed for children because of their greater inhalation and ingestion rates per body weight, relative
to adults. The results indicated that exposures for children were about twice of those estimated for adults.
Concerns over children’s exposure to OP pesticide through food and water ingestion were suggested
based on the spatiotemporal variations predicted for the subchronic MOEs at the 99.9th percentile of
exposure in the study area.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Organophosphate (OP) pesticides, such as chlorpyrifos, diaz-
inon, and methidathion from agricultural sources may have nega-
tive environmental impacts and are identified as a probable source
of human exposure. Substantial toxicological evidence suggests
that exposure of humans and animals to OP pesticides could lead
to acute cholinergic poisoning and cause chronic and subchronic
neurological, neurobehavioral, and psychiatric syndromes (Jamal,
1997). As a critical and common effect, the inhibition of acetylcho-
linesterase (AChE) is caused by most OP pesticides (USEPA, 2006b).
A broad range of adverse effects can result from AChE inhibition,
including smooth muscle contractions (e.g., abdominal cramps),
glandular secretions, skeletal muscle twitching, and flaccid paraly-
sis (USEPA, 2000). OP pesticides can reach humans through the
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ambient air, through the food chain and drinking water, or by di-
rect contact. Therefore, evaluations of cumulative doses from mul-
tiple pathways are required in human risk assessments for
pesticides. A cumulative assessment of OP pesticide has been sug-
gested by the US Environmental Protection Agency (USEPA), by
combining the pesticide intakes from food, residential, and water
pathways. An estimation of chemical concentration in the environ-
ment, based on modeling, is usually the starting point in a general
human risk assessment. Regional mass balance models, such as
fugacity-based multimedia environmental fate models, have been
introduced in the assessments of human exposure to various or-
ganic compounds including pesticides (Bennett et al., 1999; Hert-
wich et al., 1999; Dunn, 2004; Morra et al., 2006; Strang, 2006;
McKone et al., 2007). Those models, which have fewer parameters
and are not as analytically complex as spatially distributed models,
provide explicit and reliable predictions of chemical distributions
in various environmental media. However, most multimedia envi-
ronmental fate models are designed to evaluate the steady-state
response of human health to chemical applications, and consider
the entire simulation domain as a unit environment. Both temporal
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Table 1
Physiochemical properties and reaction half-lives for selected OP pesticides.

Chemical MW KOW VP H KOC Dair Dwater BCF

(a) Physiochemical properties
Acephate 183.2 0.1 2.26E�4 5.07E�5 2.0 0.599 6.63E�5 1.1
Azinphos-methyl 317.3 501.2 2.13E�4 0.002 716.1 0.599 6.63E�5 81.3
Chlorpyrifos 350.6 83176 0.002 0.001 6025.6 0.491 4.41E�5 752
Diazinon 304.4 2238.7 0.012 0.011 1431.0 0.599 6.63E�5 173
Dimethoate 229.3 6.0 0.001 0.010 15.0 0.500 5.00E�5 173
Disulfoton 274.4 10471 0.020 2.20E�4 1531.1 0.512 4.19E�5 208
Malathion 330.4 724 0.001 4.95E�4 1180.0 0.480 4.20E�5 64
Methamidophos 141.1 0.16 0.005 8.82E�5 5.0 0.750 7.85E�5 3.1
Methidathion 302.3 158 4.49E�4 7.30E�4 30.0 0.461 4.92E�5 2.5
Methyl parathion 263.2 794.3 0.024 0.010 1479.1 0.520 4.57E�5 71
Naled 381.0 24 0.026 6.600 157.0 0.501 5.44E�5 8.5
Oxydemeton-methyl 246.3 0.18 0.005 1.51E�6 15.0 0.500 5.00E�5 0.0086
Phosmet 317.3 1000 6.50E�5 0.001 668.0 0.447 4.73E�5 88

HLa HLp HLs HLw HLd

(b) Reaction half-lives
Acephate 2.00 2.5 2.2 52.4 5.5
Azinphos-methyl 0.06 2.0 45.0 3.0 112.7
Chlorpyrifos 0.26 3.3 21.0 53.0 52.5
Diazinon 4.59 4.0 32.0 84.0 17.0
Dimethoate 0.21 3.0 3.0 10.0 20.0
Disulfoton 0.12 3.0 7.9 7.9 19.8
Malathion 0.23 1.0 5.0 28.0 70.0
Methamidophos 1.0 4.0 4.0 27.7 7.5
Methidathion 1.50 3.0 3.0 26.0 10.0
Methyl parathion 0.24 3.0 11.0 70.8 7.5
Naled 2.40 5.0 4.0 1.0 1.5
Oxydemeton-methyl 2.00 3.0 5.0 5.0 46.0
Phosmet 1.50 3.0 7.0 0.5 27.0

Notes – MW: molecular weight (g mol�1); KOW: octanol–water partition coefficient (–); VP: vapor pressure (Pa); H: Henry’s Law constant (Pa m3 mol�1); KOC: organic carbon
partition coefficient (L kg�1); Dair: diffusivity in pure air (m2 d�1); Dwater: diffusivity in pure water (m2 d�1); BCF: bioconcentration factor (–); HLa: half life in air (d); HLa: half
life in foliage (d); HLs: half life in soil (d); HLw: half life in surface water (d); HLd: half life in bed sediment (d).
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trends and spatial variability are critical in the risk assessment of
OP pesticides, especially when the assessment results are used as
guidance for future pesticide management practices. To properly
describe the relationship between the use and resultant risks of
OP pesticides, a risk assessment framework is required to account
for spatiotemporal variations in pesticide distribution and poten-
tial risk to human health.

The San Joaquin Valley of California is one of the most produc-
tive agricultural regions in the world. In the Valley, agricultural use
of OP pesticides is widespread, and high levels of pesticide expo-
sure incidents have been reported for the enclosed counties by Cal-
ifornia Environmental Protection Agency (CEPA, 2007b). Pesticides
have the potential to wash off target areas and migrate with sur-
face runoff and agricultural drainage to the San Joaquin River and
its tributaries. The San Joaquin River was placed on the 2002 Clean
Water Act Section 303(d) list for aquatic toxicity due to diazinon
and chlorpyrifos (CEPA, 2002). Since 1988 the California Central
Valley Water Quality Control Board has conducted aquatic toxicity
surveys in the San Joaquin Valley. The observed toxicity has been
primarily attributed to the presence of OP pesticides, and viola-
tions have been detected (Foe, 1995). Another source of potential
human exposure is the volatilization of OP pesticides from agricul-
tural fields. Based on the pesticide air-monitoring program con-
ducted by the CEPA, some widely used OP pesticides rank high in
acute inhalation toxicity (Harnly et al., 2005). Lee et al. (2002) esti-
mated the hazard quotients for the median of children’s acute
exposures within agricultural communities as 4.0 and 0.8 for chlor-
pyrifos and diazinon, respectively. These findings suggest a poten-
tial public health concern for residents of the San Joaquin Valley.

In this paper, we present a cumulative risk assessment of hu-
man exposure to OP pesticides, with a case study in the northern
San Joaquin Valley of California. Thirteen widely used OP pesti-
cides, including three diethyls and ten dimethyls, were simulated
and assumed to represent the total OP usage in the study area
(Table 1). The specific objectives of this paper are as follows: (1)
utilization of a multimedia environmental fate model developed
in our previous studies (Luo and Yang, 2007; Luo et al., 2007a,b)
to investigate the dynamic transport and fate of OP pesticides
over the simulation domain; (2) estimation of exposure media
concentrations and multi-pathway pesticide intakes; and (3)
determination of the temporal trends and spatial variability in
the cumulative risk characterizations.

2. Approach

2.1. Multimedia environmental fate model

Transport and fate of OP pesticides were simulated by a multi-
media environmental fate model developed in our previous study
(Luo et al., 2007a). The model was designed for analyzing unstea-
dy-state dispersion and distribution of chemicals in multimedia
environmental systems at watershed scale. Chemical transport
and fate processes were considered within environmental com-
partments of air, canopy, soil layers, surface water, and sediment.
By assuming environmental compartments were completely
mixed and chemical equilibrium was established instantaneously
between the phases within each compartment, a fugacity approach
was utilized to formulate the mechanisms of diffusion, advection,
and transformation reactions. Mass exchange across compartmen-
tal boundaries was represented mathematically by first order
equations as follows:

Qij ¼ Mij � Nij ¼
Dij

ViZi

� �
� Ni ð1Þ

where Qij (mol d�1) is the unidirectional chemical flux from com-
partment i to j, Mij (d�1) is the transfer rate constant from i to j,
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Ni (mol) and Zi (mol Pa�1 m�3) are the inventory and fugacity capac-
ity of the chemical in i, respectively, Dij (mol Pa�1 d�1) is the overall
transport coefficient (Mackay-type D value) from i to j, and Vi (m3) is
the compartment volume. The transport coefficients were obtained
from hydrometeorological simulation results or estimated based
upon empirical and semi-theoretical methods. Mass balance of
the chemical could be described by a set of differential equations
developed for environmental compartments connected in an Euleri-
an system

dNi

dt
¼ Si þ

X
j

ðMjiNjÞ �MOiNi ð2Þ

where j is a running index for all compartments connected to com-
partment i, Si (mol d�1) is a source term of chemical application or
emission in i, and MOi (d�1) is the total loss rate constant of the
chemical in i. The model has been successfully applied in the field
conditions of the Connecticut River Basin and the Great Lakes re-
gion, using organic compounds with various physiochemical prop-
erties as test agents (Luo and Yang, 2007; Luo et al., 2007b). The
model performance was evaluated in both dynamic and steady-
state simulation scenarios, and the model yielded reasonable agree-
ment with measured data.

In this study, the multimedia environmental fate model was ap-
plied in the field conditions of the northern San Joaquin Valley wa-
tershed. Monthly OP pesticide application was converted into
effective environmental release levels to plant, surface soil, and
air, where the release fraction was determined by pesticide prod-
ucts and suggested ratios in the literature (Strang, 2006; McKone
et al., 2007). Pesticide transport was driven by the hydrologic flows
and climate data described in the previous section. The predicted
concentrations in the environmental media were compared to
available measured data for evaluation. Due to the lack of accurate
and complete data including simultaneous measurements for
chemical application, concentration, and cross-media fluxes, a
comprehensive validation of the multimedia environmental fate
model was impractical for the entire simulation period and region.
Based on data availability, pesticide loads and concentrations in
the surface water, in the air, and in precipitation were targeted
as the primary elements in the model evaluation. Predicted dis-
solved loads were compared to observed data at the watershed
outlet by the US Geological Survey (USGS gauge #11303500, San
Joaquin River at Vernalis). This site receives stream flow from up-
stream portions of the study area and thus characterizes the water
quality in general. According to the CEPA and USGS monitoring re-
sults of OP dissolved concentration (CEPA, 2008; USGS, 2008), only
four pesticides, i.e., chlorpyrifos, diazinon, dimethoate, and meth-
idathion, were detected with >10% frequency over the northern
San Joaquin Valley watershed during 1992–2005. Diazinon and
methidathion were mainly detected in early years of 1992–1990
with relatively high use rates. Due to the low detection frequency,
simulation results were compared to the measurements by percen-
tiles at 50%, 75% and 95%. The comparison results were expected to
provide a general evaluation of the model’s performance in pre-
dicting the concentrations distribution and capturing the spatio-
temporal variation. A similar method has been used in other
studies in evaluating model prediction with limited observation
data (USEPA, 2006b). In addition, predicted pesticide concentra-
tions in the air and in rainfall samples were compared to measured
data to investigate the model capability in simulating pesticide
transport and fate in the air and cross the air-ground interface.
2.2. Multimedia and multi-pathway risk assessment

Human exposure to OP pesticides could be estimated from the
mass exchange between humans and contaminated exposure med-
ia via inhalation, ingestion, and dermal contact. According to the
USEPA Office of Pesticide Programs, the steady state for OP pesti-
cides is reached after approximately 21–28 d of exposure (USEPA,
2006b). Therefore, this study focused on subchronic exposure at
monthly intervals of a residential population exposed to OP pesti-
cides via everyday activities – breathing, dining, drinking, etc. Hu-
man exposures through occupational and occasional activities,
such as pesticide application, harvesting, and incidental intake,
were not considered. For an individual exposure pathway, the gen-
eric equation for a specific OP pesticide intake (I, g kg�1[body
weight] d�1) is calculated as

I ¼ CE � CR � EF
BW

ð3Þ

where CE is concentration of the specific chemical in exposure med-
ia (g kg�1[water]), CR is the daily consumption rate (kg[drinking
water] d�1), EF is the exposure frequency which is set to one for
inhalation and ingestion exposures, and BW is the average body
weight (kg). All parameters in Eq. (3) were calculated as time-aver-
aged values over one month, which was the evaluation period of
subchronic human exposure to OP pesticide in this study. The in-
take calculations were performed for all potential exposure path-
ways and summed up as total intake of the chemical for a
receptor. The highest monthly total intake during a year was used
to estimate subchronic exposure for that year in this study.

2.2.1. Concentration in exposure media
Exposure pathways related to residential inhalation and dietary

ingestion were considered in this study. Dermal exposure to water,
soil, or air was not included. The contribution of dermal exposure
to soils to overall risk is typically small (USEPA, 2005). Results of
risk assessments in the Salinas Valley of California indicated that
human exposure by dermal contact accounted for less than 5 per-
cent of total exposure to the major organophosphate pesticides via
everyday activities (McKone et al., 2007). In addition, the compar-
ative effect levels for dermal endpoints are not determined for
common OP pesticides such as chlorpyrifos and diazinon. Conse-
quently, exposure media in this study included ambient and indoor
air, tap water, produce, animal products, and soil particles. Pesti-
cide concentrations in the exposure media were calculated based
on the simulation results of the multimedia environmental fate
model described above. Following the procedures extracted from
USEPA (2005), concentration of pesticides in exposure media could
be converted from those in environmental media by applying
transfer factors (TF’s),

CE ¼
X

i

TF � Ci ð4Þ

where Ci (g m�3) is the concentration of a chemical in environmental
medium i, with i as a running index for all involved environmental
media. The gram unit was chosen for chemical concentration in or-
der to simplify the conversion from chemical inventory (mol) and
fugacity (Pa) used in multimedia simulation results as in Eq. (2). Pes-
ticide concentration in tap water was assumed to be the same as that
in surface water. Both the model simulation and the groundwater
sampling program (Burow et al., 1998) indicated that OP pesticide
concentrations in groundwater were significantly lower than those
in surface water in the study area. Therefore, excluding groundwater
as drinking water sources might overestimate the exposure, but it
might be helpful in establishing an upper limit of risk through water
ingestion. Pesticide concentrations in aboveground products were
directly calculated with the multimedia environmental simulation,
while pesticides in the root crops were assumed to be in equilibrium
with the concentration in the root zone.

Pesticide concentration in fish was calculated as the product of
the concentration in contaminated water and a bioconcentration
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factor (BCF, Table 1). Pesticide residues in animal products were
estimated based on an evaluation of the animal’s ingestion and
accumulation rate in tissues. USEPA (2005) recommended a sim-
plified calculation for chemical concentration in animal products
(CE

Animal) from plant (forage, silage, and/or grain) and surface soil
ingestion,

CE
Animal ¼ BTF � ðCp � CRp þ Cg � CRgÞ ð5Þ

where Cp and Cg (g m�3) are chemical concentrations in plants and
ground soil, respectively, CRp and CRg (kg[dry weight] d�1) are the
corresponding consumption rates, and BTF (d kg�1[tissue]) is the
biotransfer factor for the animal. The BTF was estimated based on
a regression equation developed by the Research Triangle Institute
(2005):

log
BTF
FC

� �
¼ �0:099ðlog KOWÞ2 þ 1:07 log KOW � 3:56 ð6Þ

where KOW is the octanol–water partition coefficient (Table 1), and
FC is the average fat content of the animal product, e.g., 0.19 for
beef, 0.04 for milk, 0.23 for pork, 0.14 for chicken, and 0.08 for
egg, as suggested by USEPA (2005). The above equation is developed
for organic chemicals having a log(KOW) between �0.67 and 8.20. In
this study, the equation was also applied to chemicals of acephate,
methamidophos, and oxydemeton-methyl with log(KOW) values
slightly lower than �0.67.
2.2.2. Human activity and consumption rate
Table 3 shows the distribution of daily consumption rate per

body weight for the individual exposure pathway. The mean values
were taken from the USEPA Exposure Factor Handbook and Human
Health Risk Assessment Protocol (USEPA, 1997, 2005), in which the
consumption rates were usually derived from the 1987–1988 Na-
tional Food Consumption Survey by US Department of Agriculture
(USDA). The mean individual food consumption rates were
weighted by age group (0–14 years old as child, and 20+ years
old as adult, respectively), and adjusted for cooking and prepara-
tion loss as recommended by the USEPA (1997). The coefficients
of variation for the consumption rate per body weight were
adapted from Bennett et al. (1999). Those CV values were primarily
derived by fitting survey data for the US population into a lognor-
mal distribution for each age group. It was assumed that the mean
and CV values listed in Table 3 represented average levels of inha-
lation and dietary ingestion rates, with associated uncertainty for
Table 2
OP pesticide usage in the northern San Joaquin Valley.

Chemical Chem codea 1992–1999 Annual useb

kg

Chlorpyrifos 253 116681 (0.15
Diazinon 198 56322 (0.47
Disulfoton 230 1602 (0.52

Total diethyls 174605 (0.19
Acephate 1685 21173 (0.20
Azinphos-methyl 314 33912 (0.54
Dimethoate 216 24269 (0.23
Malathion 367 18954 (0.37
Methamidophos 1697 7441 (0.33
Methidathion 1689 13320 (0.38
Methyl parathion 394 3083 (0.56
Naled 418 19944 (0.78
Oxydemeton-methyl 382 1562 (0.90
Phosmet 335 42224 (0.30

Total dimethyls 185882 (0.14

a Chem code is a unique chemical code number assigned to a particular pesticide’s ac
b The coefficients of variance are listed in parentheses.
the residential and non-occupational intake levels of the northern
San Joaquin Valley.

The fractions of food locally produced were required in calculat-
ing chemical intake through daily dietary consumption. The chem-
ical concentrations in local products were calculated as described
before, while the concentrations in imported products were usu-
ally set as prescribed values or assumed to be free of chemicals.
Based on a local product fraction of unit, i.e., assuming 100% of food
was obtained from local sources, a conservative risk analysis was
conducted in this study to evaluate the maximum potential intake
of OP pesticides by local food supplies in the study area.

2.2.3. Risk characterization
A margin of exposure (MOE) approach was used to characterize

human health risk from OP exposure. For a specific exposure path-
way, the MOE is calculated as the ratio between the toxicologically
relevant benchmark dose of the index chemical, and the cumula-
tive observed intake of all evaluated chemicals. The MOE for an
individual exposure pathway and the total MOE could be ex-
pressed as (Sielken, 2000)

MOET ¼
X

k

MOE�1
k

 !�1

MOEk ¼
BMD10index;k

ICUM;k

ð7Þ

where MOET is the total MOE for all exposure pathway, MOEk is the
MOE for an individual exposure pathway (k = inhalation or inges-
tion in this study), BMD10index (mg kg�1 d�1) is the benchmark dose
of an index chemical where cholinesterase activity is reduced by
10% compared to background activity, and ICUM (mg kg�1 d�1) is
cumulative intake of OP pesticides through the relevant exposure
pathway k. Cumulative intake was calculated as the toxicity-
weighted average of doses from individual OP pesticides.

ICUM;k ¼
X

h

ðIh;k � RPFh;k � SFh;kÞ ð8Þ

where Ih,k (mg kg�1 d�1) is the exposure dose from OP chemical h
through exposure pathway k, and RPF and SF are the associated rel-
ative potency factor and safety factor. The RPF value reflects the rel-
ative potency of a pesticide compound compared to the index
chemical of methamidophos (USEPA, 2006b). USEPA provides inges-
tion RPFs for all selected OPs in this study, while inhalation RPFs are
only available for acephate, disulfoton, malathion, methamidophos,
and naled. Inhalation RPFs for other OPs were estimated based on
2000–2005 Annual useb

% kg %

) 66.8 92408 (0.22) 82.5
) 32.3 18851 (0.39) 16.8
) 0.9 788 (0.64) 0.7
) 100.0 112050 (0.18) 100.0
) 11.4 7612 (0.54) 9.3
) 18.2 5562 (0.54) 6.8
) 13.1 17411 (0.15) 21.2
) 10.2 13986 (0.21) 17.0
) 4.0 1266 (0.68) 1.5
) 7.2 3479 (0.46) 4.2
) 1.7 5675 (0.14) 6.9
) 10.7 7664 (0.40) 9.3
) 0.8 518 (0.50) 0.6
) 22.7 18995 (0.32) 23.1
) 100.0 82168 (0.13) 100.0

tive ingredient by the California Department of Pesticide Regulation.



Table 3
Consumption rates for two age groups of children and adults.

Exposure media/pathway Consumption rate for adultsa Consumption rate for childrena

Meanb CVc Meanb CVc

Inhalation rated 12.85 0.30 7.76 0.51
Ingestion rates
Ground soil 1.43E�6 2.15 7.58E�6 2.75
Aboveground produce (dry weight) 9.30E�4 0.25 2.27E�3 0.54
Belowground produce (dry weight) 1.40E�4 0.30 2.30E�4 0.49
Milk, meat, and egg 1.68E�2 0.22–0.47 2.48E�2 0.12–0.48
Fishe 2.87E�4 0.89 5.34E�4 2.52
Drinking waterd 1.40 0.60 0.67 0.64

a The unit for inhalation rate is m3 d�1, and the unit for ingestion rate is kg kg�1[body weight] d�1. Body weight is set as 26.4 kg for children and 70.0 kg for adults.
b Mean values of consumption rates are taken from USEPA (2005) unless otherwise noted.
c Coefficient of variation (CV) is taken from risk assessments of a pesticide in the literature (Bennett et al., 1999; Lee et al., 2002).
d Inhalation rates and fluid consumption rates are derived using time-weighted averages for age groups from the survey results (USEPA, 1997).
e Adult intake of fish is set as 20.1 g d�1, and child intake is estimated as 14.1 g d�1 (70% of adult intake) both as recommended by USEPA (1997).
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their No-Observed-Adverse-Effect-Levels (NOAEL) relative to the
NOAEL of the index chemical of methamidophos. Safety factors
are required by the US Food Quality Protection Act (FQPA) for the
portion of population which is deemed more sensitive to a given
pesticide than the average. In this study, the safety factors for inha-
lation route of exposure are applied to children. The ingestion safety
factors are determined based on sensitivity of infants, children, and
females between 15 and 50 (USEPA, 2007), and applied to both age
groups of children and adults in this study, in order to produce a
conservative risk assessment. Relative potency factors and safety
factors for the selected OPs are summarized in Table 4.

2.2.4. Probabilistic risk assessment
Probabilistic risk assessment was performed in this study to

determine a population’s distribution of risk from OP exposure
based on probabilistic distribution of the population-related
parameters. Compared to a point value, distributions of risk pro-
vide more informative exposure characterization, along with
appropriate data about toxicity and human activity. In this study
uncertainty and variability were evaluated by stochastic simula-
tions of risk. At least 1000 discrete Monte Carlo events were in-
cluded in each simulation run. The random input datasets were
generated by Latin Hypercube Sampling, based on the 95% cumu-
Table 4
Relative potency factors and safety factors for the inhalation and ingestion routes of
exposure.

Pesticide Inhalation Ingestiona

NOAELb RPFc SFb RPF SF

Acephate 1.49 0.208 3 0.081 3
Azinphos-methyl 0.22 1.366 3 0.091 3
Chlorpyrifos 0.10 3.000 10 0.054 1
Diazinon 0.03 11.538 3 0.013 3
Dimethoate 0.39 0.789 1 0.320 1
Disulfoton 0.05 6.596 10 1.143 3
Malathion 121.00 0.003 10 0.0003 3
Methamidophos (the index chemical) 0.30 1.000 1 1.000 1
Methidathion 0.20 1.500 10 0.320 3
Methyl-parathion 0.11 2.727 3 0.119 3
Naled 0.38 0.820 3 0.080 3
Oxydemeton-methyl 17.00 0.018 3 0.889 3
Phosmet 1.50 0.200 3 0.022 3

Notes – NOAEL: no observed adverse effect level (mg kg�1 d�1); RPF: relative
potency factor; SF: safety factor.

a OP cumulative risk assessment (USEPA, 2006b).
b Subchronic or intermediate NOAELs are taken from the re-registration eligi-

bility decision (RED) for the corresponding chemicals (USEPA, 2007).
c Inhalation RPFs for disulfoton, malathion, and naled are from OP cumulative

risk assessment (USEPA, 2006b), while inhalation RPFs for other chemicals are
calculated based on their NOAELs.
lative frequency of parameter distribution defined in Table 3. To
simplify the analysis, all input parameters were assumed to follow
lognormal distributions (Slob, 1994; McKone, 1996a,b; Liu et al.,
1999; MacLeod et al., 2002; Luo and Yang, 2007), except for those
with zero coefficients of variation, which were assumed to be fixed
values in the model simulation.

Based on stochastic simulation results of OP exposures, MOE at
the 99.9th percentile was estimated and compared to the target
MOE. USEPA guidelines for OP cumulative risk assessment consider
any MOE of 100 or greater to be acceptable. Therefore, if at the
99.9th percentile of exposure the MOE is 100 or greater, 99.9% of
the population is exposed to a dose 100 times less than the dose
causing significant cholinesterase inhibition.

2.3. Simulation design

2.3.1. Site description
The area of study is the northern San Joaquin Valley of Califor-

nia, which experiences intensive agricultural land use and pesti-
cide applications (Fig. 1). This valley is drained by the middle San
Joaquin River and its tributaries, including the majority of agricul-
tural areas in the counties of Stanislaus, Merced, and Madera, and
portion of San Joaquin and Fresno Counties. The river test site was
at Vernalis, CA (USGS gauge #11303500), the lowest station on the
San Joaquin River not subject to tidal influence, which is usually set
as the outlet of the watershed (Quinn and Tulloch, 2002). Inlets of
the major upstream rivers, i.e., the upper San Joaquin River, the
upper Merced River, the upper Tuolumne River, and the upper
Stanislaus River, were chosen as USGS gauges near the eastern
boundary of the San Joaquin Valley. To simplify the hydrologic sim-
ulation, headwater drainage areas of small streams outside of the
San Joaquin Valley were also included in the study area. The total
area of the studied watershed is 14983 km2, 66% of which is lo-
cated in the San Joaquin Valley.

The watershed was delineated into 15 sub-basins. The sub-ba-
sin boundaries were derived following the watershed delineations
in CEPA (2005), taking both the natural stream network and irriga-
tion water diversion into account. Landscape characterization for
the sub-basin was based on public databases available from vari-
ous agencies. Land-use categorization was obtained from the
GIRAS database maintained by USGS as well as land use surveys
conducted by the California Department of Water Resources. Soil
physical properties were extracted from the SSURGO database
and aggregated to soil layers for each sub-basin.

2.3.2. Climate and hydrology conditions
Metrological data was extracted from the California Integrated

Irrigation Management Information System (CDWR, 2007). Input
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weather data used in this study included precipitation, solar radi-
ation, temperature, relative humidity, and wind. Data were ob-
tained from four weather stations positioned within the study
area and applied to their respective sub-basins.

Hydrologic simulations were performed based on the Soil and
Water Assessment Tool (SWAT), which was calibrated for the study
area in our previous study (Luo et al., 2008). The model’s predic-
tions matched measured stream flows and sediment loads reason-
ably well, in terms of temporal trends and spatial variation within
the watershed during the simulation period of 1992–2005. There-
fore, it could be argued that the calibrated SWAT simulations were
practical for predicting hydrologic conditions in the northern San
Joaquin Valley watershed. This hydrologic simulation results were
rearranged as monthly averages and used in the multimedia envi-
ronmental fate model. The required elements included stream
flow, surface runoff, evapotranspiration, lateral flow, percolation,
groundwater recharge, sediment concentration, soil erosion, leaf
area index, and biomass production.

2.3.3. Pesticide data
Thirteen OP pesticides are included in the risk assessment.

Those pesticides are widely used in the study area and are detected
in human urine samples (Castorina et al., 2003). Annual average
use of those pesticides in the study area was about 305 ton during
1990–2005, accounting for 95.5% of the application amount of the
OP pesticides causing AChE inhibition as listed by USEPA (2006b).
The selection of pesticides was also consistent with those in other
studies involving OP risk assessments in California and in the San
Joaquin Valley (USEPA, 2006b; McKone et al., 2007). Table 1 lists
the specific chemical properties applied in the transport and fate
simulations. Most of those properties were obtained from pub-
lished databases such as the chemical property database for the
CalTOX model, the pesticide properties database maintained by
USDA, and the Hazardous Substances Data Bank maintained by
the US Institutes of Health (USDA, 2001; McKone et al., 2003,
2007; Neitsch et al., 2005; NIH, 2007). Diffusivity values in the
air and water were estimated according to the method developed
in Tucker and Nelken (1982). This method is also recommended
by the USEPA for site assessment calculation (USEPA, 2006a). The
bioconcentration factor (BCF), when its value was not available in
the literature, was calculated from the octanol–water coefficient
(KOW) based on the following equation (Bintein et al., 1993),

log BCF ¼ 0:91 � log KOW � 1:975 � logð6:8� 10�7 � KOW þ 1:0Þ
� 0:786 ð9Þ

Since 1990, California has required 100% reporting of pesticide
quantities applied in agriculture, construction and landscaping. Pes-
ticide use reporting (PUR) data were obtained electronically for
1990–2005, the most recent year available at the time of this study
(CEPA, 2007a). PUR data are organized by township, range, and sec-
tion, with minimal resolution set at approximately 1 mi2. In this
study, pesticide use amount was averaged on a monthly basis,
and spatially aggregated for each sub-basin. PUR data sets for
1992–2005 for the selected pesticides in the study area are summa-
rized in Table 2. In the San Joaquin River watershed, almost all agri-
cultural pesticide application is in the San Joaquin Valley. Therefore,
pesticides were assumed to be uniformly applied to the in-valley
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portion of a sub-basin (Fig. 1) during a given month. This assump-
tion is also supported by the fact that OP pesticide applications,
especially of those in granular forms, would be incorporated into
the soil for slow release (McKone et al., 2007). Therefore, use of a
pulse input might overestimate the chemical residues during the
period of application.

Air monitoring was conducted by CEPA for the pesticides under
evaluation as possible toxic air contaminant. Air samples were usu-
ally taken in the locations and months with the highest reported
use of each pesticide in recent years. Details in the air monitoring
have been discussed by Baker et al. (1996). Nondetectable analytic
results were included in the statistical process to avoid underesti-
mation of the concentration mean values (Lee et al., 2002). For pes-
ticides with detection frequency less than 10%, mean concentration
was estimated by including nondetectable samples as zero-value.
For other pesticides, the nondetectable samples were replaced by
50% of the minimum quantity limit (MQL) in the calculation of
means. Pesticide concentration in rainfall was measured in the
San Joaquin Valley for 41 pesticides and 23 transformation prod-
ucts during 2002–2004 (Majewski et al., 2006). The sampling re-
sults were reported as mean, maximum, and detection frequency
over all the stations. Dissolved concentrations of OP pesticides in
surface water were monitored by the CEPA and USGS at multiple
sites on the main stem and tributaries of the San Joaquin River
(CEPA, 2008; USGS, 2008).
3. Results and discussion

3.1. Concentrations in environmental media

Simulation results showed that the majority (>60%) of OP pesti-
cides residues in the study area were stored in the soil, although
some of those pesticides had short half-lives in soils. Therefore,
the transport and fate processes in soil compartments were impor-
tant in determining the overall distribution pattern of OP pesti-
cides in the multimedia environment. Taking chlorpyrifos as an
example, the total use of chlorpyrifos in the study area was
1490 ton during 1992–2005 (Table 2), and the average chlorpyrifos
inventory in the simulation domain was predicted as 6253 kg, with
higher values during growing season than domain season. Com-
partmental distribution showed that chlorpyrifos inventory in soil
accounted for about 98% of the total residues. Therefore, about
0.41% of applied chlorpyrifos was expected to be stored in soils
in the northern San Joaquin Valley watershed during 1992–2005.
This finding was consistent with the results of a daily PRZM model
simulation for OP application to nut trees in the San Joaquin Valley,
in which soil storage of chlorpyrifos was estimated as 0.56% of total
use (USEPA, 2006b).

The OP compounds with large organic carbon partition coeffi-
cients (KOC), such as chlorpyrifos, diazinon, disulfoton, malathion,
and methyl parathion, had moderate-to-low mobility in the soils,
and more than 90% of their soil inventories were predicted to be
adsorbed onto soil particles. The field experiments conducted by
Detmer and Purpus (2007) showed that OP pesticide concentra-
tions in solid phase were higher than soluble concentrations by
up to 3 orders. For those pesticides, leaching into shallow aquifers
was not expected to be an important fate process. For some di-
methyl OP pesticides with low KOC values, very high mobility in
soil was predicted in the model simulation. According to the mod-
eling results of dimethoate transport and fate in the soils, for
example, less than 10% of dimethoate would be adsorbed onto soil
particles and a loss of about 36% would be attributed to leaching of
soil layers. Due to the small values of their vapor pressures (Table
1), the selected OP pesticides are not expected to volatilize from
dry soil surfaces. For some pesticides, such as chlorpyrifos, disulfo-
ton, and naled, however, volatilizations from moist soil surfaces
and water surface are expected to be an important fate process
(based upon their Henry’s Law constants). Once exposed to air,
OP pesticides in this study are predicted to exist in both vapor
and particulate phases in the ambient atmosphere. Since most of
those pesticides have airborne half-lives of less than 5 d, vapor-
phase pesticides will be degraded quickly in the atmosphere by
reaction with photochemically produced hydroxyl radicals. Pesti-
cides in particulate phase are primarily removed by rain scaveng-
ing and dry deposition.

Surface and subsurface runoff and soil erosion were important
transport mechanisms for pesticide migration to surface waters.
The simulation results indicated that 70–80% of losses of OP pesti-
cides in surface waters were originated from ground and root-zone
soils. For those pesticides with moderate-to-low mobility in the
soils, soil erosion was expected to contribute a significant portion
(e.g., 5–30% for chlorpyrifos through the sub-basins) of the total
mass transport from ground soil to surface water.

Simulation results of dissolved pesticide loads in surface water
at the watershed outlet (USGS gauge #11303500, San Joaquin River
at Vernalis) were compared to observations for the most frequently
detected OP pesticides of chlorpyrifos and diazinon. The annual
trends of dissolved pesticide loads simulated by the multimedia
environmental fate model in this study matched the USGS observa-
tions during the simulation period of 1992–2005, with Nash-Sutc-
liffe coefficients of 0.53 and 0.90 for chlorpyrifos and diazinon,
respectively. Compared to the performance of the pesticide trans-
port component of the SWAT model in the same watershed in
our previous study (Luo et al., 2008), the multimedia environmen-
tal fate model showed great success in predicting the temporal
trend of OP pesticides in surface water at watershed scale. Pre-
dicted concentrations at the 50th, 75th, and 95th percentiles were
compared to the corresponding concentrations measured by the
USGS and CDPR in the northern San Joaquin Valley watershed.
The predicted percentile concentrations were in general agreement
with the actual measurements, indicating that the multimedia
environmental model had the capability to capture the general
spatiotemporal variability in dispersion and distribution of the se-
lected OP pesticides in this study.

Predicted pesticide concentrations in the air for the sub-basins
of Salt Slough and Chowchilla-Fresno Rivers were compared to air-
monitoring data. These measurements were taken from sampling
projects conducted by CEPA at multiple sites in Fresno County.
The simulation results showed reasonable agreement with mea-
surements (within an order of magnitude). For example, Stein
and White (1993) reported mean concentrations of 0.31 and
7.51 ng m�3, for chlorpyrifos and diazinon, respectively, in Fresno
County during August to October 1991. For the same period, the
corresponding model prediction in the sub-basins of Salt Slough
and Chowchilla-Fresno Rivers was in the range of 0.54–2.18 ng
m�3 for chlorpyrifos and 0.70–9.08 ng m�3 for diazinon. During
January and February 1998, the average diazinon concentration
in the air was reported as 9.8–49.3 ng m�3 over five sites in the
Fresno county (CEPA, 1998), while the model in this study pre-
dicted an reasonable range between 1.74 and 20.73 ng m�3.

In addition, model performance in predicting pesticide parti-
tioning between gaseous and particulate phases was evaluated
by tests of rainfall chemistry. OP pesticide concentrations in rain-
fall, as predicted in this study, fell into the range of the observed
data measured by the USGS (Majewski et al., 2006).

3.2. Human exposures

Summarized in Table 5 are predicted exposure doses of individ-
ual OP pesticides, as watershed-wide averages during 2000–2005.
A distribution was estimated for each exposure pathway by



Table 5
Watershed-wide average intakes (lg kg�1 d�1) for (a) children and (b) adults in the
northern San Joaquin Valley watershed during 2000–2005.

Chemical Inhalation Ingestion

Food Water Other Total

(a)
Acephate 9.38E�10 1.28E�3 4.46E�4 4.44E�6 1.73E�3
Azinphos-methyl 2.29E�5 1.60E�2 3.29E�4 8.12E�4 1.71E�2
Chlorpyrifos 8.81E�4 2.76E�2 2.02E�3 1.80E�2 4.77E�2
Diazinon 8.66E�4 3.63E�3 1.33E�3 1.14E�2 1.63E�2
Dimethoate 8.72E�5 5.62E�2 6.29E�4 1.00E�3 5.78E�2
Disulfoton 4.94E�6 1.18E�4 3.61E�5 9.42E�5 2.48E�4
Malathion 5.05E�5 1.66E�2 4.85E�4 1.01E�3 1.81E�2
Methamidophos 4.18E�7 5.29E�4 2.27E�4 1.22E�5 7.68E�4
Methidathion 1.78E�6 1.34E�3 1.03E�4 4.29E�5 1.49E�3
Methyl-parathion 6.42E�5 4.90E�3 7.21E�5 8.52E�4 5.82E�3
Naled 6.06E�4 5.96E�3 1.35E�5 9.04E�5 6.07E�3
Oxydemeton-methyl 1.52E�9 9.91E�5 2.68E�5 3.96E�6 1.30E�4
Phosmet 2.71E�5 2.43E�2 3.80E�4 1.17E�3 2.58E�2

Cumulative intake 5.89E�2 3.20E�2 1.15E�3 2.81E�3 3.60E�2

(b)
Acephate 5.86E�10 8.11E�4 3.52E�4 3.93E�8 1.16E�3
Azinphos-methyl 1.43E�5 1.10E�2 2.60E�4 1.67E�4 1.14E�2
Chlorpyrifos 5.50E�4 1.92E�2 1.59E�3 4.52E�3 2.53E�2
Diazinon 5.41E�4 2.64E�3 1.05E�3 3.77E�3 7.46E�3
Dimethoate 5.45E�5 4.01E�2 4.95E�4 3.60E�4 4.10E�2
Disulfoton 3.09E�6 8.58E�5 2.84E�5 2.66E�5 1.41E�4
Malathion 3.15E�5 1.19E�2 3.82E�4 2.75E�4 1.25E�2
Methamidophos 2.61E�7 3.66E�4 1.79E�4 3.33E�6 5.48E�4
Methidathion 1.11E�6 5.98E�4 8.09E�5 1.03E�5 6.90E�4
Methyl-parathion 4.01E�5 2.92E�3 5.68E�5 2.66E�4 3.24E�3
Naled 3.78E�4 2.47E�3 1.06E�5 1.47E�5 2.49E�3
Oxydemeton-methyl 9.51E�10 6.01E�5 2.11E�5 3.63E�8 8.13E�5
Phosmet 1.70E�5 1.56E�2 3.00E�4 2.30E�4 1.62E�2

Cumulative intake 3.68E�2 1.68E�2 5.91E�4 5.19E�4 1.79E�2

Note: The additional Food Quality Protection Act (FQPA) safety factor is included as
an adjustment to the chemical-specific relative potency factors in calculating
cumulative intakes.
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incorporating uncertainty into human consumption rates (Table 3).
The coefficients of variation (not presented in the table) were
about 0.30 for inhalation, and 0.16–0.51 for ingestion pathways
throughout the watershed, respectively. The predicted exposures
for children were about 2 times those of adults, and the ratios var-
ied among chemicals and exposure pathways. This might be attrib-
uted to children’s relatively larger rate of consumption per body
weight. The result of this study was similar to that reported by
Bennett et al. (1999), in which children exposure to atrazine was
1.6X of average lifetime exposure in the mid-western region of
the United States.

The relative contribution of a pesticide to the cumulative intake
of all OP pesticides in this study (as methamidophos equivalents)
was determined by its individual intake values, relative potency
factor and safety factor. Intakes from inhalation were significantly
lower than those from ingestion (by two orders or more). However,
the cumulative inhalation intakes were generally double the inges-
tion intakes. More than 90% of the cumulative inhalation intakes
were contributed by chlorpyrifos and diazinon, which showed high
values in relative potency factors and safety factors. Public health
concerns about non-cancer risks to children from airborne chlor-
pyrifos and diazinon have been addressed in other studies (Lee
et al., 2002; Harnly et al., 2005). For the inhalation pathway, OP
pesticides could be ranked by the ratio of exposure to the annual
use of each chemical. This ratio reflected a direct relationship be-
tween pesticide applications and the consequent potential risks
to human health. It’s interesting to note the statistically significant
correlation (p = 0.013) between exposure/use ratio and the vapor
pressure of OP pesticides. Vapor pressure has been correlated with
pesticide air concentration in other studies (Woodrow et al., 1997;
Lee et al., 2002). By incorporating actual pesticide use, the correla-
tion revealed in this study reflected the actual exposure risks and
provided guidance for further pesticide management practices.

For the ingestion route of exposure, cumulative intake was
dominated by dimethoate, with a high relative potency factor of
0.32, followed by azinphos-methyl and chlorpyrifos. Due to the
lack of biomonitoring data for OP pesticides in the study area,
the human exposure simulation was evaluated by comparing the
predicted dietary ingestion dose and the intakes estimated from
pesticide residues in separated food items and the method for in-
take estimation was documented by McKone et al. (2007). The pes-
ticide residues were taken from the Total Diet Survey conducted by
US Food and Drug Administration. Watershed-wide averages of
dietary ingestion dose estimates for adults ranged from 1.14E�4
to 0.021 lg kg�1 d�1 for diethyl OP pesticides, and from 8.12E�5
to 0.041 lg kg�1 d�1 for dimethyl OP pesticides. The dietary in-
takes for individual pesticides predicted in this study were compa-
rable to the intakes estimated from pesticide residues in food
items. This proved the capability of the multimedia environmental
model in this study to predict OP pesticide concentrations in both
environmental media and exposure media.

The information in Table 5 suggests that multiple pathways
have to be considered in evaluating the human intakes of OP pes-
ticides. Dietary intake, as the sum of intakes from fresh produce,
animal produce, and fish, was a significant contributor to the total
ingestion dose for all OP pesticides in this study. Since dietary
exposures are likely to show significantly less regional variability,
they are assumed to be nationally uniform in most studies (USEPA,
2006b; McKone et al., 2007). In the intensively farmed area of the
San Joaquin Valley, however, it is reasonable to assume a relatively
high representation of local foods in a dietary intake analysis, espe-
cially for fresh produce, animal and dairy products. Therefore, an
estimate of dietary doses based on local pesticide concentrations
in the exposure media might prove helpful in establishing a direct
linkage between pesticide use and human health risk. This study
identified soil as a critical environmental compartment for human
exposure of OP pesticides. Root-zone soil contamination was di-
rectly related to the pesticide residues in both aboveground and
belowground plants. Humans are exposed to those plant-bound
residues by direct ingestion, or else through animal products which
have accumulated chemicals in contaminated forages, silages, or
grains. In addition, both humans and animals are subject to inci-
dental ingestion of contaminated surface soils.

The OP pesticide dose from drinking water was another impor-
tant pathway of ingestive exposure. Due to the large amount of
pesticide usage and relatively high runoff potential (compared to
the southern part of the Valley), the northern San Joaquin is one
of the areas which are most prone to pesticide runoff in the US
(Kellogg et al., 1999). Surface water is the main source of drinking
water in the study area, especially in the counties of San Joaquin,
Stanislaus, and Merced (USEPA, 2006b). In this study, intake
through drinking water was estimated directly from the average
dissolved pesticide concentration in the surface water throughout
the watershed. This approach might overestimate the pesticide
dose through drinking water. The results could be applied as a con-
servative surrogate for the portion of the population deriving its
drinking water from groundwater or other sources outside of the
study area.

3.3. Risk characterization

Shown in Table 6 are the cumulative MOE values of OP at the
99.9th population percentile, calculated from watershed-wide
average subchronic exposures for two age groups during 1992–
2005. USEPA guidelines for OP cumulative risk assessment con-



Table 6
Margins of exposure (MOEs) at the 99.9th percentile of subchronic exposures,
averaged over the northern San Joaquin Valley during 1992–2005.

Year MOEs for children MOEs for adults

Ingestion Inhalation Total Ingestion Inhalation Total

1992 104 134 58 245 299 135
1993 147 357 104 340 794 238
1994 99 156 61 180 347 118
1995 79 289 62 128 643 107
1996 153 428 113 379 952 271
1997 151 536 118 376 1191 286
1998 164 445 120 391 990 280
1999 165 336 111 393 747 257
2000 171 479 126 407 1065 295
2001 142 589 115 326 1310 261
2002 177 479 129 417 1064 299
2003 168 556 129 404 1237 305
2004 171 417 121 408 927 284
2005 169 669 135 390 1488 309
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sider any MOE of 100 or greater to be acceptable. The simulation
results indicated that MOEs at the 99.9th percentile for individual
exposure pathways were above 100, except for the food ingestion
MOE values in 1994 and 1995 for children (MOE = 99 and 79,
respectively). Total MOEs for children were lower than 100 during
the simulation years of 1992, 1994 and 1995, associated with low-
er MOE values for inhalation and ingestion routes in those years.

The average MOEs for food exposure at the 99.9th percentile
were 196 and 457 for children and adults, respectively, in the
northern San Joaquin Valley during the study period. Risks of food
exposure were calculated in this study as annual averages, and ex-
pected to reflect a chronic or subchronic human health risk due to
OP pesticides entering through food ingestion. Compared to the
MOE values for other exposure pathways in Table 6, food exposure
to OP pesticides was the major contributor to the ingestion MOE, as
well as to the total MOE. Risks of food exposure might be related to
uncertainty and variability in the diet structures of local residents.
The USEPA has conducted stochastic calculations of cumulative OP
intake through food for various periods up to 21 d (USEPA, 2006b).
The results indicated that, at the 99.9th percentile, dietary MOEs
for a single day analysis may be 2–4 times less than those averaged
for multiple days. When this result was applied in our study to
convert the average food exposures into acute risks, substantial
violations could be observed at the 99.9th percentile of exposure,
especially for children. This raised concerns over children’s health
risks from OP pesticides, although the MOE surpassing 100 at the
99.9th percentile only represented an extreme exposure potential
for subchronic risk assessment in this study.

There were general decreasing trends for subchronic MOE values
from 1992 through 2005, as shown by the analyses for individual
and aggregated exposure pathways (Table 6). Total MOEs were sig-
nificantly correlated to both individual MOEs for inhalation and
water ingestion (p < 0.001). Therefore, the ambient air and surface
water were identified as primary determinants of the temporal
trend of overall risk of human exposure to OP pesticides. Spatial
variations in human risk from OP pesticides were evaluated in
sub-basins of the northern San Joaquin Valley during 2000–2005.
No obvious spatial patterns were observed, but some ‘‘hot spots”
were identified, with high risk potential from OP pesticides. Signif-
icantly high risks of ingestion exposure were found in the Valley re-
gions west of the San Joaquin River, such as the Orestimba Creek
sub-basin. The high ingestion risk in those sub-basins might be
attributed to the high levels of OP pesticide contamination in their
surface waters. Due to higher clay content in soil and steeper slopes,
the western sub-basins were more vulnerable to surface runoff (Luo
et al., 2008). On the other hand, high inhalation risks were associ-
ated with the eastern sub-basins of the Chowchilla and Fresno Riv-
ers, Merced River, and Tuolumne River. This spatial pattern might
be related to pesticide use and prevailing wind direction.

This study provides insight on risk assessments and pesticide
management practices. The simulation results showed that dietary
intake, associated with pesticide concentrations in the soils, was
the major contributor to ingestion dose and thus to the total
MOE (see Table 5). However, annual trend and spatial variation
in total risk were primarily related to the OP pesticide levels in
the air and surface water. These results suggested that the dynamic
simulation were required for a better understanding of human
health risks through multiple exposure pathways. For pesticide
management, the cropping areas with high pesticide runoff poten-
tials would be candidates for further evaluation to minimize the
pesticide contamination and associated risk. In the northern San
Joaquin Valley, preventive and mitigative management practices
for OP pesticides should be first focused on surface water quality
control for the western sub-basins, and on air quality control for
the eastern sub-basins, respectively.
4. Conclusion

This paper presents a computational framework for the assess-
ment of human health risks due to OP pesticide through multimedia
and multi-pathway exposures. Pesticide distribution through envi-
ronmental media in the field conditions of the northern San Joaquin
Valley was simulated by a multimedia environmental model devel-
oped in our previous study. Noncancer risk of brain acetylcholines-
terase inhibition caused by exposure to OP pesticides was evaluated
in the study area based on the two primary pathways of inhalation
and ingestion. In order to evaluate the model’s performance in sim-
ulating OP pesticide distribution through the study area, the pre-
dicted pesticide concentrations were compared to the reported
monitoring data. Due to data availability, the evaluation was fo-
cused on pesticide residues in the air and in surface water. Gener-
ally, the predicted concentrations fell within the observed ranges,
and showed reasonable matches with the temporal trends, spatial
variability, and chemical species in the measured data. These com-
pared results suggested that the multimedia environmental model
used in this study was appropriate in performing a dynamic simu-
lation of chemical fate and transport at watershed scale.

The assessment approach and modeling results of this study
may serve many purposes in environmental public health and pro-
vide helpful information in minimizing and preventing any adverse
health impact via OP pesticide exposure. In this study, food expo-
sure, through ingestion of fresh produce, animal products and fish,
was evaluated according to both local contamination levels and
food pesticide residues in the US market. This comprehensive anal-
ysis showed promise in estimating the actual dietary exposure in
the study area more accurately, as opposed to other studies in
which only local simulations or national data were used (Bennett
et al., 1999; McKone et al., 2007). It’s likely that food exposure in-
volves significantly less spatial and temporal variability than do
drinking water and non-dietary residential exposures. However,
the assumption of national uniformity in food exposure may not
necessarily hold in all regions, especially in agriculturally intensive
areas such as the San Joaquin Valley.

Results of this study indicated that multimedia fate modeling
and multi-pathway exposure analysis are necessary to generate a
comprehensive understanding of human health risk to OP pesticide
exposure. Contamination of soil compartments was considered to
be critical in OP pesticide distribution and in the resulting residues
in local produce and animal products. In addition, the risk assess-
ment in this study indicated that food ingestion was the dominant
pathway of human exposure to OP pesticides, and that it made a
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substantially larger contribution to the total MOE value than did
any other exposure pathway. However, soil contamination and
food exposure, applied as annual averages in this study, only con-
tributed moderately to the temporal trend and spatial variation of
total MOEs. Based on further correlative analysis, the primary con-
tributors to the variability in total MOE were identified as inhala-
tion and water ingestion. This finding reinforced public concerns
over risk from pesticide residues in ambient air and surface water.
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