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Abstract—A monitoring study was conducted in the tributaries and main stem of the Sacramento River, California, USA, during
the storm event of January 26 to February 1, 2005. The purpose of the study was to evaluate the sources and loading of pesticides
in the Sacramento River watershed during the winter storm season. A total of 26 pesticides or pesticide degradates were analyzed,
among which five pesticides and one triazine degradate were detected. Diuron, diazinon, and simazine were found in all streams
with a total load of 110.4, 15.4, and 15.7 kg, respectively, in the Sacramento River over the single storm event. Bromacil, hexazinone,
and the triazine degradate diaminochlorotriazine were only detected in two smaller drainage canals with a load ranged from 0.25
to 7 kg. The major source of pesticides detected in the main stem Sacramento River was from the most upstream subbasin, the
Sacramento River above Colusa, where detected pesticides either exceeded or were close to those at the main outlet of the Sacramento
River at Alamar Marina. The higher precipitation in this subbasin was partly responsible for the greater contribution of pesticides
observed. Diazinon was the only pesticide with concentrations above water quality criteria, indicating that additional mitigation
measures may be needed to reduce its movement to surface water.
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INTRODUCTION

The Sacramento Valley, California, USA, is a major agri-
cultural production area and receives thousands of tons of
pesticides every year ([1]; http://www.cdpr.ca.gov/docs/pur/
purmain.htm). Movement of pesticides by surface water runoff
during storm events is one of the key transport pathways that
led to contamination of the Sacramento River (SR), its trib-
utaries, and the Sacramento–San Joaquin Delta [2–6]. These
water bodies not only provide physical habitat and migration
routes for a variety of aquatic organisms, but also serve as a
major water source for commercial, agricultural, and residen-
tial uses in California ([7]; http://www.waterplan.water.gov/
previous/cwpu2005/index.cfm, [8]). Determining the spatial
and temporal occurrence and magnitude of the pesticide sourc-
es is critical for developing mitigation strategies and measures
to reduce pesticide movement to surface water, which has been
a prime focus of water quality management in the Sacramento
River watershed.

In the Central Valley of California, rainfall occurs primarily
during the months of November to April, which coincides with
the application of dormant spray insecticides, which are ap-
plied to deciduous trees during their dormancy, and the pre-
emergent herbicides. These pesticides therefore are most prone
to storm water runoff. For example, diazinon, simazine, and
diuron, which commonly are used in winter or early spring,
are among those pesticides that most frequently were detected
in the streams of the Sacramento River watershed [2–6,9,10].
Diazinon is an organophosphate insecticide and has been used
as a leading dormant spray pesticide in the Sacramento Valley.
The presence of diazinon in surface water is of particular con-
cern because of its high toxicity to fish and other aquatic
organisms ([11]; http://www.ipmcenters.org/Ecotox/index.cfm).

* To whom correspondence may be addressed (lguo@arb.ca.gov).
Published on the Web 7/12/2007.

Due to repeated detection of diazinon above the concentrations
of concern, diazinon has been placed on the U.S. Clean Water
Act 303(d) list for the many streams in the Central Valley,
such as the Sacramento River, the San Joaquin River, the Feather
River, and the Delta waterways ([12]; http://www.waterboards.
ca.gov/tmdl/docs/2002reg5303dlist.pdf). The Clean Water Act
further requires the development of a total maximum daily
load for each 303(d) listing to address sources and plans to
control and restore water quality. In response to the total max-
imum daily load requirement, California Department of Pes-
ticide Regulation recently imposed new regulations on dormant
spray applications ([13]; http://www.cdpr.ca.gov/docs/legbills/
rulepkgs/05-004/final.pdf).

The objective of the present study was to determine the
sources and magnitude of pesticide loading to the Sacramento
River during the storm season from its major subbasins in the
Sacramento Valley where almost all pesticide applications oc-
cur, and to evaluate the environmental significance of pesticide
detections, if any. The study also would provide important
information and a check on the effectiveness of ongoing and
future mitigation efforts on improving surface water quality
in the Sacramento River watershed.

MATERIALS AND METHODS

Watershed description

The Sacramento River watershed is located in the northern
part of the Central Valley, California. Its main stem, the Sac-
ramento River, is 515 km long and drains an area of approx-
imately 70,000 km2. The Sacramento River mostly is confined
in the Sacramento Valley, one of the seven physiographic re-
gions in the Sacramento River Basin [14]. Two major tribu-
taries to the Sacramento River are the Feather River and the
American River, both located on the east side of the Sacra-
mento River.

The major land use in the Sacramento Valley is agricultural
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with limited urban areas. Almost all farming activities im-
pacting water quality of the Sacramento River and its tribu-
taries occur in the Sacramento Valley. The Sacramento Valley
has a semiarid climate characterized by hot summers and mild
winters, with average temperature ranging from low 40�F in
the winter to above 90�F in the summer. The soils of the valley
are mostly fine-grained with low permeability [14,15]. The
mean annual precipitation in the valley ranges from 36 to 64
cm. Most of the precipitation, however, occurs during the
months of November to April. The water requirement of plant
growth in other months is dependent on irrigation drawn from
the Sacramento River or groundwater.

Selection of monitoring sites

Five monitoring sites were selected in the Sacramento Val-
ley to monitor the output of pesticides from four subbasins
and the main stem of the Sacramento River at Alamar Marina
(Fig. 1). The four subbasins monitored included Sacramento
River above Colusa, Colusa Basin Drain, Feather River, and
Natomas Cross Canal. The two subbasins that were not mon-
itored in the Sacramento Valley were the Lower American
River and the Butte/Sutter subbasin. The lower American River
basin is primarily urban and historically receives �0.05% of
the total agricultural use of diazinon in the Sacramento Valley
based on the Pesticide Use Report [1]. The Butte/Sutter sub-
basin, one of the five major subbasins upstream of the Alamar
Marina site, was not monitored due to the difficulty in accu-
rately characterizing the discharge. Stream discharge data at
the monitored sites were either obtained from existing gage
stations or measured in situ at the time of sampling if none
was available. Table 1 lists the name, location, corresponding
subbasin/watershed, and source of stream gage data for the
selected monitoring sites.

Sample collection and analysis

The monitoring study was conducted from January 26 to
February 1, 2005, after application of dormant spray pesticides
started in the Sacramento River watershed. Surface water sam-
ples were collected at an interval of 12 h for the first 2 d
following the initial storm of January 26 to catch the perceived
rapid change of pesticide concentration. The sampling fre-
quency then was reduced to once daily for the rest of the
monitoring event. Except for the Feather River site, surface
water samples were collected by taking a center channel grab
from bridges or road crossings using a 4.2-L stainless steel
Kemmerer sampler (Wildlife Supply Company, Buffalo, NY,
USA) and then were split into two 1-L amber glass bottles for
separate pesticide analyses. Due to the lack of accessibility to
the river center, water samples at the Feather River site were
collected directly with the amber glass bottles from a depth
of at least 1 m using a telescoping rod from the shore. The
ability of this sampling method to act representatively was
checked against the center-channel sampling using a boat in
a parallel study conducted in collaboration with the California
Central Valley Regional Water Quality Control Board. The
results obtained from both sampling methods were within a
factor of 1.11, which are within the laboratory quality assur-
ance/quality control limits of 1.25 for duplicates. All samples
were sealed with Teflon�-lined lids and placed on wet ice
during transportation. The samples then were stored at 4�C
until delivered to the laboratory for chemical analysis. For
each sampling event, general water quality parameters of pH,

temperature, dissolved oxygen, and specific conductance were
measured in situ.

The chemical analyses of the water samples were performed
by the California Department of Food and Agriculture Center
for Analytical Chemistry (Sacramento, CA, USA). A total of
23 pesticides and three triazine degradation products were an-
alyzed with three multiresidue analytical methods. Table 2
provides a list of the pesticides analyzed, laboratory reporting
limits, and their respective physico-chemical properties. The
organophosphorus insecticides were analyzed using a gas chro-
matograph equipped with a flame photometric detector and
confirmed by mass selective detector. This gas chromatograph/
mass selective detector procedure had a reporting limit of 0.03
to 0.05 �g/L. An analytical procedure using only mass selec-
tive detector was employed for diazinon and chlorpyrifos,
which had a reporting limit of 10 ng/L. Herbicides were an-
alyzed by liquid chromatography–atmospheric pressure chem-
ical ionization mass spectrometry.

Calculation of pesticide load

Daily pesticide load was calculated based on the measured
pesticide concentration and stream flow rate using the follow-
ing equation:

Y(t) � 0.0000694C(t)F(t)

where Y(t) is the estimated pesticide load (kg/d) for day t, C(t)
is the pesticide concentration (�g/L), F(t) is the stream flow
rate (m3/s), and 0.0000694 is a conversion factor. The labo-
ratory used two reporting notations for samples with concen-
trations lower than the method reporting limit: Trace and none
detected. For samples with a reported concentration of trace,
the pesticide load was calculated assuming one-half of the
reporting limits. For samples with a reported concentration of
none detected, pesticide load was assumed to be zero.

RESULTS AND DISCUSSION

Water quality parameters

The water quality parameters measured at the monitoring
sites are presented in Figure 2. The parameter values were all
within the historical range of observation, indicating no ab-
normality during the sampling periods. The pH for all sites
was close to neutral, ranging from 7.2 to 8.0. The specific
conductance varied between 100 to 600 �s/cm, with highest
values found for the Colusa Basin Drain (�387 �s/cm) and
lowest for the Feather River (�123 �s/cm). The total dissolved
oxygen varied from 7.29 to 10.8 mg/L and was consistently
higher for the main stem of the Sacramento River and the
Feather River, and lower for the Colusa Basin Drain and Na-
tomas Cross Canal. The mean values of dissolved oxygen were
10.26 and 10.10 mg/L for the Sacramento River and Feather
River, respectively, and were 7.74 and 8.31 mg/L for the Col-
usa Basin Drain and Natomas Cross Canal, respectively. Water
temperature was similar for all streams during the monitoring
event, with an average of 10.6�C (Fig. 2).

Pesticide loading

A total of five pesticides and one breakdown product of
triazine were detected in surface water samples collected from
the Sacramento River or its tributaries. These include diazinon,
simazine, diuron, hexazinone, bromacil, and diaminochloro-
triazine. Table 3 presents the location, concentration, and load-
ing of the pesticides detected, as well as the amount of their
use in each subbasin upstream of the monitoring site prior to
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Fig. 1. Sampling and weather station locations for the Sacramento River (CA, USA) watershed. □, Sampling locations; �, weather stations;
———, rivers and streams; - - - - -, canals and bypass.

the storm event from December 1, 2004. Figure 3 shows the
temporal profile of the pesticide loading during the monitoring
period.

Diuron was the most widely detected pesticide, and it was

found at all subbasins, with a maximum concentration ranging
from 0.109 �g/L in the Feather River to 0.972 �g/L in the
Colusa Basin Drain (Table 3). Most of diuron load in the
Sacramento River, however, came from the subbasin of the
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Table 1. Sampling sites and their corresponding subbasin/watershed (CA, USA) for storm event monitoring from January 26 to February 1, 2005

Site name Latitude Longitude Subbasin/watershed Gage stationa

Colusa Basin Drain at County Road 99E 38.8122 �121.7732 Colusa Drain CDR
Cross Canal at Garden Highway 38.7808 �121.6031 Natomas Cross Canal Manually gauge
Feather River near Highway 99 38.8981 �121.5869 Feather River GRL, MRY, BRW
Sacramento River at Colusa 39.2145 �121.9991 Sacramento River above Colusa COL
Sacramento River at Alamar Marina 38.6748 �121.6265 Sacramento River watershed VON

a The three-letter designation of real-time discharge stations operated by California Department of Water Resources; discharge data available at
http://cdec.water.ca.gov/selectQuery.html; discharge for the Feather River based on the sum of the three stations shown.

Table 2. List of chemicals analyzed for the storm event sampling of
January 26 to February 1, 2005, in the Sacramento River (CA, USA)

watersheda

Chemical

Reporting
limit

(�g/L)
KOC

(ml/g) t1/2 (d)
Solubility

(mg/L)

Ethoprop 0.05 161 34 843
Diazinon 0.01 1,520 32 60
Disulfoton 0.04 1,345 37 12
Chlorpyrifos 0.01 9,930 43 1.18
Malathion 0.04 1,200 9 130
Methidathion 0.05 400 7 240
Fenamiphos 0.05 100 50 700
Azinphos methyl 0.05 882 44 28
Dichlorvos 0.05 30 7 10,000
Phorate 0.05 1,057 37 50
Fonofos 0.04 1,920 37 13
Dimethoate 0.04 20 7 39,800
Methyl parathion 0.03 5,100 5 55
Profenofos 0.05 NAb NA NA
Atrazine 0.05 147 64 33
Simazine 0.05 140 89 6.2
Diuron 0.05 477 90 42
Prometon 0.05 95 1,300 720
Bromacil 0.05 13 120 700
Prometryn 0.05 383 76 33
Hexazinone 0.05 41 79 29,800
Metribuzin 0.05 52 47 1,000
Norflurazon 0.05 353 163 34
DEAc 0.05 NA NA NA
ACETd 0.05 NA NA NA
DACTe 0.05 NA NA NA

a Sources for chemical property values are 1) U.S. Department of
Agriculture, Agricultural Research Service; Pesticide Properties Da-
tabase at http://www.arsusda.gov/services/docs.htm?docID�14199;
2) Pesticide Information Profile, the Extension Toxicology Network,
University of California at Davis, Oregon University, Michigan State
University, Cornell University, and the University of Idaho at http://
extoxnet.orst.edu/pips/ghindex.html; and 3) Pesticide Action Network
(PAN) North America, PAN Pesticides Database at http://www.
pesticideinfo.org/Index.html.

b NA � not available.
c DEA � deethyl atrazine.
d ACET � deisopropyl atrazine.
e DACT � diamino chlorotriazine.

Sacramento River above Colusa. Both the peak and cumulative
loads of diuron measured at this site exceeded those measured
at the downstream Alamar Marina site (Fig. 3 and Table 3).
The contributions of diuron from the Feather River and the
Natomas Cross Canal to the Sacramento River were 4.9 kg
and 1.4 kg, respectively. The Colusa Basin Drain had a cu-
mulative load of 26.6 kg during the storm event. Most of the
residue, however, was diverted to a constructed drainage ditch,
the Knights Landing Ridge Cut, thus bypassing the Sacramento
River. The water of the Colusa Basin Drains usually is diverted
when the Sacramento River stage reaches the height of 7.62

m at Knights Landing. Historical hydrological data showed
that the Sacramento River reached the 7.62-m threshold on
January 28, 2005, and remained above this level throughout
the remaining of the monitoring event. Despite the high diuron
load and frequent detections, diuron concentrations were all
below the known acute and chronic toxicological values and
the lowest no-observed-effect concentration reported for pro-
tecting fresh water animals (26.4 �g/L) [11,16].

It is difficult to estimate the ratio of diuron loss to surface
water as a percentage of that applied in the subbasins because
a significant amount of diuron use in the Sacramento Valley
was not for production agriculture, but was used in areas such
as urban rights-of-way. Such uses were not included in Table
3 because they were only recorded in the Pesticide Use Report
as a monthly sum for individual counties, whose boundaries
differ from those of the subbasins. Pesticide use related to
agricultural activities, however, was recorded daily at a res-
olution of a land section, which is approximately 2.6 km2.
Sources of pesticide loading from agricultural uses therefore
can be characterized more accurately in both temporal and
spatial terms. The loss ratios shown in Table 3 for diuron (0.25–
16.9%) were overestimated because the Pesticide Use Report
data indicated that the total urban uses of diuron in the nine
counties of the Sacramento Valley amounted to 53.3% of that
for agricultural uses in the months of December 2004 and
January 2005 [1].

Diazinon also was detected in all monitoring sites at a max-
imum concentration of 0.021 �g/L in the Natomas Cross Canal
and 0.257 �g/L in the Feather River (Table 3). The calculated
load of diazinon in the Natomas Cross Canal was negligible
(�0.1 kg) due to the low flow rate of the channel. Most of
the contribution of diazinon in the Sacramento River also was
from the subbasin of the Sacramento River above Colusa (Fig.
3 and Table 3), where diazinon load measured (13.9 kg) was
only slightly below that detected at the main outlet of the
Sacramento River at Alamar Marina (15.4 kg). Diazinon loads
observed in the Feather River and Colusa Basin Drain were
similar, at 4.7 and 4.0 kg, respectively. The cumulative export
of diazinon from the Sacramento River watershed during this
storm event was approximately 0.27% of that applied in the
Sacramento Valley (Table 3), which was similar to that re-
ported by Dileanis et al. [4] in their 2001 study. This loss ratio
of diazinon is more accurate because almost all of the diazinon
applications in the Sacramento River watershed during this
period were agricultural uses, with more than 99% being dor-
mant sprays applied on deciduous orchard trees such as peach,
prune, and almond [1]. It should be noted that the higher
contribution of diazinon from the subbasin of the Sacramento
River above Colusa was not correlated to the amount of its
use in this subbasin (624 kg), which was far less than that in
the Colusa Basin Drain (1,836 kg) or the Feather River (1,541
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Fig. 2. The measured water quality parameters for the major subbasins and the main outlet of the Sacramento River (CA, USA) watershed during
the storm event of January 26 to February 1, 2005. �, Colusa Basin Drain; □, Cross Canal; �, Feather River; �, Sacramento River above
Colusa; �, Sacramento River at Alamar Marina.

Table 3. Summary of pesticide concentration detected, loading, and use in the major subbasins of the Sacramento Valley, Sacramento River
watershed (CA, USA) during the storm event of January 26 to February 1, 2005

Site/subbasin Pesticide

Concentration (�g/L)

Minimum Maximum Mean Load (kg) Use (kg)a Load/use (%)

Colusa Basin Drain Diuron 0.141 0.972 0.535 26.57 2,024 1.31
Diazinon 0.012 0.234 0.081 4.1 1,836 0.22
Simazine 0.051 0.644 0.298 13.37 573 2.33
Bromacil NDb 0.025 0.008 0.4 0 NAc

Hexazinone 0.094 0.211 0.161 7.03 1,229 0.57
DACTd ND ND ND 0 NA NA

Feather River Diuron ND 0.109 0.082 4.9 502 0.98
Diazinon 0.020 0.257 0.070 4.72 1,541 0.31
Aimazine ND 0.025 0.003 0.2 416 0.05
Bromacil ND ND ND 0 0 NA
Hexazinone ND ND ND 0 39 0
DACT ND ND ND 0 NA NA

Natomas Cross Canal Diuron ND 0.286 0.210 1.44 586 0.25
Diazinon 0.014 0.021 0.017 0.11 90 0.12
Simazine ND 0.025 0.017 0.12 117 0.1
Bromacil 0.025 0.219 0.095 0.640 0 NA
Hexazinone ND 0.187 0.028 0.25 164 0.15
DACT 0.132 0.672 0.226 2.11 NA NA

Sacramento River above Colusa Diuron ND 0.758 0.328 149.95 889 16.86
Diazinon ND 0.096 0.034 13.91 624 2.12
Simazine ND 0.129 0.042 18.95 1,105 1.72
Bromacil ND ND ND 0 0 NA
Hexazinone ND ND ND 0 253 0
DACT ND ND ND 0 NA NA

Sacramento River at Alamar Marina Diuron ND 0.546 0.171 95.14 4,513 2.11
Diazinon 0.021 0.057 0.033 13.8 5,658 0.24
Simazine ND 0.094 0.029 13.06 2,429 0.54
Bromacil ND ND ND 0 0 NA
Hexazinone ND ND ND 0 1,755 0
DACT ND ND ND 0 NA NA

a Use data were based on Pesticide Use Report [1] for agricultural uses during December 2004 and January 2005.
b ND � none detected.
c NA � not applicable.
d DACT � diaminochlorotriazine.
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Fig. 3. Pesticide loading over time from the major subbasins and at
the main outlet of the Sacramento River (CA, USA) watershed at
Alamar Marina during the storm event of January 26 to February 1,
2005. �, Colusa Basin Drain; □, Cross Canal;�, Feather River; �,
Sacramento River above Colusa; �, Sacramento River at Alamar
Marina.

kg). As discussed later, the lack of simple correlation between
the diazinon use and load in part was caused by differences
in the amount of precipitation received in the subbasins.

The maximum concentrations of diazinon observed in the
Feather River and Colusa Basin Drain (Table 3) exceeded the
water quality criterion of 0.16 �g/L established by the Cali-
fornia Department of Fish and Game for the protection of
freshwater aquatic organisms based on chronic aquatic toxicity
tests ([17]; http://www.waterboards.ca.gov/centralvalley/
programs/tmdl/sac�feather�diaz/sfr-bpa-staff-rpt.pdf). These re-
sults, consistent with previous studies ([3,4,18]; http://www.
cdpr.ca.gov/docs/empm/pubs/ehapreps/eh0101.pdf), demonstrate
that offsite movement of diazinon from dormant sprays has
caused the impairment of streams in the Sacramento River
watershed and continue to be a problem despite voluntary
efforts in mitigation since its listing on the 303(d) list in 1994.
Recently, the California Department of Pesticide Regulation
adopted new dormant spray regulations to impose mitigate
measures to reduce the movement of dormant spray pesticides
[13]. The effectiveness of these regulations in improving water
quality will be evaluated by future monitoring studies.

Simazine was the third most frequently detected pesticide
with a maximum concentration that varied between 0.025 to

0.644 �g/L at different sites (Table 3). The largest load of
simazine was again from the subbasin of the Sacramento River
above Colusa (Fig. 3). It reached approximately 19 kg over
the sampling period and substantially exceeded that observed
at Alamar Marina (15.7 kg). The Feather River and the Na-
tomas Cross Canal both contributed less than 0.2 kg of si-
mazine to the Sacramento River. The Colusa Basin Drain had
a cumulative load of simazine approximately 13 kg. Most of
the load, however, bypassed the Sacramento River through the
Knights Landing Ridge Cut. The major simazine use during
the two months preceding the storm was on grapes (56%),
followed by walnuts (19.8%) and almonds (16.6%). All de-
tected simazine concentrations were less than the no-observed-
effect concentrations reported for freshwater organisms (30
�g/L) [11].

An accounting of pesticide mass balance revealed that the
observed loads for diuron and simazine at the Colusa site both
were greater than those measured at the downstream site of
the Alamar Marina Dock (Table 3). This discrepancy might
be attributable to the imperfect coincidence of sampling in
time with the passing peaks of the pesticides through the two
sites. It is also possible, however, that appreciable attenuation,
such as degradation and adsorption, occurred during pesticide
traveling between these two sites. Additional studies would
be required to further validate and characterize any potential
in-stream attenuation of pesticides in the Sacramento River.

The two other pesticides, bromacil and hexazinone, and the
breakdown product of triazine diaminochlorotriazine, were
only detected in the subbasins of Colusa Basin Drain and
Natomas Cross Canal (Fig. 3). These contaminants may be
diluted in the main stem of the Sacramento River so that their
concentrations were below the detection limits. Approximately
1 kg of bromacil was exported to the Sacramento River from
the Colusa Basin Drain and Natomas Cross Canal combined
(Table 3). Because there were no production agriculture uses
of bromacil in these two subbasins during the two months
preceding the storm event, the residues would have originated
from urban applications. A query of the Pesticide Use Report
database [1] indicated that approximately 908 kg of bromacil
urban uses were reported in the counties of Glenn, Colusa,
and Sutter (CA, USA) in December 2004 and January 2005.
The export of hexazinone was 7.0 kg from the Colusa Basin
Drain and 0.25 kg from the Natomas Cross Canal. Diamino
chlorotriazine was only detected in the Natomas Cross Canal
at 2.1 kg. Bromacil and hexazinone concentrations were below
reported aquatic no-observed-effect concentration values of
16,900 and 15,000 �g/L, respectively [11]. Diaminochloro-
triazine detections could not be evaluated due to lack of aquatic
toxicity data for diaminochlorotriazine.

It has been shown that rainfall-driven pesticide loads in the
Sacramento River are directly related to pesticide use and pre-
cipitation [5]. A statistical model has been developed by Guo
et al. [5] to predict pesticide loading in the Sacramento River
based on historical use and precipitation records. However, a
longer period of monitoring would be required to use this
model, which predicts weekly or biweekly moving average of
pesticide load in the Sacramento River. Examination of the
precipitation data in the area indicated that precipitation at the
Gerber station (CIMIS 8), located in the subbasin of the Sac-
ramento River above Colusa (Fig. 1), was significantly higher
than the other stations (Fig. 4). The cumulative precipitation
from January 24 to 29 reached 5.41 cm for the Gerber station,
which was more than twice those observed for the other sta-
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Fig. 4. Measured precipitation at representative weather stations of
the subbasins in the Sacramento Valley (CA, USA) during the storm
event of January 26 to February 1, 2005. Locations of the stations
are shown on Figure 1. CIMIS � California Irrigation Management
System; NOAA � National Oceanic and Atmospheric Administration.
�, Colusa Basin Drain (CIMIS 32); □, Colusa Basin Drain (CIMIS
6);�, Cross Canal (CIMIS 30) �, Feather River (NOAA 5385); �,
Butte/Sutter Basin (CIMIS 12); �, Sacramento River above Colusa
(CIMIS 8).

Fig. 5. The observed hydrographs of monitored streams at the outlet
of major subbasins and the main outlet of the Sacramento River (CA,
USA) watershed during the storm event of January 26 to February 1,
2005. �, Colusa Basin Drain; □, Cross Canal;�, Feather River; �,
Sacramento River above Colusa; �, Sacramento River at Alamar
Marina.

tions (�2.34 cm). The observed hydrographs at the outlet of
the subbasins are consistent with the precipitation records,
displaying a more pronounced and rapid rising limb for the
subbasin of the Sacramento River above Colusa than those for
the other subbasins (Fig. 5). The difference in precipitation
explained at least partially the greater contribution of pesti-
cides from the Sacramento River above Colusa observed dur-
ing this storm event.

Pesticide travel time

Estimation of pesticide travel time from the field to the
waterways can be achieved by examining the temporal rela-
tionship of pesticide peak in the streams to the occurrence of
the storm event. Precipitation occurred from January 24
through 29, with the major storm falling on January 26 in most
of the subbasins (Fig. 4). The earliest detection of pesticide
peak in the streams, however, was only made on January 28
at the most upstream location of the Sacramento River at Col-
usa (Fig. 3). For the other sites, the peaks of pesticide loading
were not detected until January 29th or 30th (Fig. 3). These

results indicated that it took at least 2 d for the pesticides to
move from the field to the outlets for both the smaller subbasins
and the main Sacramento River watershed. Although the travel
times of pesticides observed in the present study are specific
to the conditions of the precipitation event, the storm that we
sampled was not untypical of the winter storms encountered
in the Sacramento Valley in terms of its intensity and duration.

Likewise, comparison of peak detection time for the two
main stem Sacramento River sites provided a way to estimate
the travel time of pesticides within the Sacramento River. A
1-d delay occurred between the peaks of pesticide loading
detected at the Colusa site and those at the downstream Alamar
Marina site for all pesticides (Fig. 3). The estimated river
distance from Colusa to Alamar Marina is 92 km. Thus the
travel speed of the pesticides within the Sacramento River was
approximately 3.8 km/h. In theory, pesticides are not ideal
tracers of water flow, because their movement in the river
would be retarded to some extent due to adsorption/desorption
to sediment. Neglecting the retardation, the dissolved pesti-
cides would be traveling at the same speed as the water move-
ment in the Sacramento River. It is thus inferred that the flow
rate of the Sacramento River in the segment between Colusa
and Alamar Marina was approximately 4 km/h. Because our
samples were taken close to the central channel of the river,
the integrated flow rate for the entire cross-section of water
column for the Sacramento River would be slower.

CONCLUSION

The present study provided a snapshot of pesticide transport
in the Sacramento River watershed during one storm event.
The results demonstrated that the subbasin of the Sacramento
River above Colusa was the major source of pesticide loading
in the main stem of Sacramento River. The higher precipitation
in this subbasin was partly responsible for the greater contri-
bution of pesticides observed. Diazinon was the only pesticide
with measured concentrations above known water quality cri-
teria. Based on the temporal relationship between the detection
of pesticide peaks and the occurrence of precipitation, the
estimated mean travel time for the pesticides to move from
the field to the outlets of the subbasins was 	24 h. Likewise,
the estimated travel time from the field to the main outlet of
the Sacramento River at Alamar Marina was 	72 h, and the
mean velocity of pesticides in the Sacramento River was es-
timated as 3.8 km/h.
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