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Abstract—The transport and biological effects of dormant spray pesticides were examined in the San Francisco Estuary, Cali-
fornia, by measuring dissolved-pesticide concentrations and estimating toxicity using bioassays at a series of sites in January
and February 1993. Distinct pulses of pesticides, including diazinon, methidathion, and chlorpyrifos, were detected in the San
Joaquin River in January and February and in the Sacramento River in February following rainfall. The higher pesticide loads
in the Sacramento River compared with those in the San Joaquin River can be attributed to the greater amount of rainfall in
the Sacramento Valley. The use patterns and water solubility of the pesticides can account for the observed temporal and spa-
tial distributions in the two rivers. The pesticide pulses detected at Sacramento were followed through the northern embayment
of San Francisco Estuary. In contrast, the pesticide distribution in the Sacramento-San Joaquin Delta changed from distinct
pulses to steady increases in concentration over time. Seven-day bioassays indicated that Sacramento River water at Rio Vista
was acutelytoxic to Ceriodaphniadubia (water fleg)for 3 consecutived and San Joaquin River water at Vernalis for 12 consec-
utived. These water samples all had the highest diazinon concentrations. Examination of 96-hLC50 values (lethal concentra-
tion that kills 50%6 of test organismsin 96 H) indicatesthat measured diazinon concentrations could account for most but not

all the observed toxicity. Other pesticides present could contribute to the toxicity.
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INTRODUCTION

The biological effects of dormant spray pesticides used on
orchards in California’s Central Valley are of environmen-
tal concern; bioassay surveys indicate that San Joaquin River
water with elevated concentrations of dormant spray pesti-
cides is often toxic to Ceriodaphniadubia (water flea) {1,2].
Results of previous studiesof pesticide concentrationsin the
Sacramento and San Joaquin rivers in 1991 and 1992 indi-
cate that rainfall is a major mechanism for transporting pes-
ticides from orchards and fields into the river (K-MKuivila,
unpublished data). Because of the extensive use of dormant
spray pesticides in the Central Valley during the wettest times
of the year (i.e., winter), there is a need for an understand-
ing of inputs and transport of dormant spray pesticides to
the San Francisco Estuary.

Dormant spray pesticides, includingdiazinon, methida-
thion, chlorpyrifos, and malathion, are typically applied to
stone-fruit orchards in the Central Valley during January and
February [3,4]. Diazinon, methidathion, and malathion are
relatively hydrophilic with water solubilities ranging from
40 mg/L to 250 mg/L, whereas chlorpyrifosis more hydro-
phobic with a water solubility of 2.0 mg/L (Table 1). These
organophosphate insecticidesare acetylcholinesteraseinhib-
itors and are most toxic to zooplankton [5,6].

The objectives of this study were to determine the con-
centrations, transport, and possible biological effects of dor-
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mant spray pesticides in the rivers and estuary following
rainfall in January and February 1993. Dissolved-pesticide
concentrations were measured in the Sacramento and San
Joaquin rivers, and the transport of these pesticides was
tracked through the Sacramento-San Joaquin Delta and into
San Francisco Bay (Fig. 1). Possiblebiological effectswere
estimated using bioassay surveysconcurrently with the pes-
ticide sampling. This study was a collaborativeeffort by the
U.S. Geological Survey (USGS) and the California Regional
Water Quality Control Board (RWQCB) and is part of a
larger research effort by the USGS Toxic ContaminantsHy-
drology Program to assess quantitatively the transport and
fate of pesticides in the San Francisco Estuary.

HYDROLOGICSETTING AND SAMPLING STRATEGY

Agriculturein the Central Valley of California accounts
for 10percent of the total pesticide usage in the United States.
Two major rivers, the Sacramento and San Joaquin, drain
this region, converging in a complex deltaat the head of San
Francisco Estuary (Fig. 1). The average flow of the Sacra-
mento and San Joaquin rivers is 680 and 130m>/s, respec-
tively. Within the delta, the flows and flow patterns are
controlled extensively by a variety of management strategies.
State and federal projects (Fig. 1)export water fromthe delta
to the San Joaquin Valley and the southern part of the state.
The entire deltais tidally influenced and the net flow pattern
is complex. Water from the Sacramento River primarily flows
down the main river channeland out to Suisun Bay, although
some of the water is diverted through the delta cross chan-
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Table 1. Dormant spray pesticides: Water solubility and
amounts applied to orchards in January and February 1990
in the Sacramento and San Joaquin valleys

Amount applied?

Water solubility® Sacramento  San Joaquin

Pesticide at given temp. Valley Valley
name (mg/L) (kg) (kg)

Ethyl parathion 24 (25°C) 52,764 37,858
Diazinon 40 (20°C) 21,369 26,906
Methidathion 250 (20°C) 15,544 9,676
Chlorpyrifos 2 (25°C) 3,663 17,524
Malathion 145 (20°C) 4,472 6,130

“Cahforma Department of Pesticide Regulation, 1990 {3].
bWorthing and Walker, 1987 [27}.
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nel and Georgiana Slough to the state and federal export
pumps. The San Joaquin River splits downstream from
Mossdale, with some of the water flowingtoward the export
pumps via lower Old River and Grant Line Canal and the re-
mainder flowing toward Stockton. Northwest from Stock-
ton, the channel deepens and widens, resulting in an increase
in water residence time. Water from the San Joaquin River
mixes with water from the Mokelumne, Consumes, and Sac-
ramento rivers, and the net flow is toward the pumps via Old
and Middle rivers. Little, if any, of the San Joaquin River
water gets out into San Francisco Bay. The USGS is currently
collecting data on flows and flow patterns to be used to cal-
ibrate and validate a hydrodynamic model of the delta [7].

Pesticide concentrations were measured at a series of sites
along two major flow paths: the Sacramento River from Sac-
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Fig. 1. Location of study area.
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ramento to the western boundary of Suisun Bay and the San
Joaquin River from Vernalis through Stockton to the export
pumps (Fig. 1). Water samples for pesticide analysis were col-
lected daily at all sampling locations (twice a day at Vernalis)
using a depth-integrating, discharge-weightedsampler at ei-
ther one or three verticals, depending on the site. Flow at the
Sacramentoand Vernalis sites is unidirectional, and sampling
studies indicate that the composition and concentrations of
dissolved constituentsat a single vertical mid-channel are rep-
resentative of the cross sectionunder most flow conditions
(data not shown). Discharge for the Sacramento River was
recorded at Freeport (11 river miles downstream from Sac-
ramento) with an ultrasonic velocity meter. Because the site
at Freeport is affected by the tide, the discharge was tidally
filtered to calculate a daily mean discharge (8]. For the San
Joaquin River, discharge also was recorded at Vernalis, a
streamflow-gaging station.

In contrast to the Sacramentoand Vernalis sites, the flow
at the other sites reverses during the tidal cycle. Samples were
collected routinely at the tidally affected sites (Fig. 1) dur-
ing slack after ebbtide, except at the Old and Middle River
sites where samples were collected at slack after floodtide.
This sampling scheme estimated the most seaward movement
of solutes along the flow path through the delta or through
Suisn Bay and created a consistency for comparison of daily
concentrations.

ANALYTICAL METHODS

Dissolved pesticideswere extracted from fiitered 1-L (liter)
samples onto Cs solid-phase-extractioncartridges and eluted
with three 2-ml aliquots of hexane:diethyl ether (1:1). The
eluant was concentrated and analyzed using a capillary gas
chromatograph/ion-trap mass spectrometer in full-scan
mode [9,10]. Field blanks using organic-free water were pro-
cessed every 20 samples; no contamination was detected
throughout this study. A minimum of 10% of the samples
were collected in duplicate and al analytes agreed within 25%
ar less. Replicate samples were also routinely sent to the
USGS National Water Quality Laboratory for comparison.
Although 19 pesticides are included routinely in the analy-
sis, the focus of this study was diazinon, methidathion, chlor-
pyrifos, and malathion, with method detection limits of 30,
35, 40, and 35 ng/L, respectively. During matrix spike ex-
periments, recovery of these four pesticides in Sacramento
and San Joaquin River water was greater than or equal to
83%. For more details on the analytical method and quality-
assurance practices, see Crepeau et al. [10].

Seven-day C. dubia bioassays [11] were done at Sierra
Foothill Laboratory using mortality as an end point. Repro-
duction was not assessed. Tests were set up in batches 1 to
5 d after water collection with neonates less than 24 h old.
All U.S. Environmental Protection Agency (EPA)-recom-
mended water quality parameters, with the exception of al-
kalinity, were measured and found to be within acceptable
limitsto support aquatic life. Water from a local springwas
used as a control. No mortality within 7 d was ever observed
in the control.

RESULTS AND DISCUSSION

The results of this study consist of the following three
parts: riverine pesticide concentrations,transport into the es-
tuary, and biological effects of the observed pesticides. Mea-
sured concentrations of dissolved pesticides in the Sacramento
and San Joaquin rivers were examined in the context of pes-
ticide usage in the valley. Pesticide loads were calculated and
the loads of the two rivers compared. Transport of these pes-
ticides was followed through the Sacramento-SanJoaquin
Delta and into San Francisco Bay. Finally, the biological ef-
fects of these pesticides were estimated by using bioassays and
by comparing the measured concentrations to regulatory
limits.

Pesticide pulsesfollowing rainfall

Pulses of diazinon were detected followingrainfall in the
Sacramento and San Joaquin rivers in previous years (K.M.
Kuivila, unpublished data); this phenomenon is similar to the
spring flush of herbicides observed in surface-water runoff
in the midwestern United States [12]. The riverine pulses of
diazinon typically were narrow and well defined; elevated
concentrationswere measured for only a few days to weeks.

In the Sacramento and San Joaquin valleys, a series of
rainstorms (cumulative rainfall greater than 2.5 cm) began
on January 6and continued through January 21 (Figs. 2A
and 3A). Dormant spray pesticides were applied either be-
fore these rainstorms (late December and early January) or
during 2 weeks of dry weather following these rainstorms
(late January). Another series of rainstorms began in early
February and continued through February 26.

Elevated concentrations of pesticides were detected in the
Sacramento River at Sacramentoin February but not in Jan-
uary; diazinon and methidathion were the only dormant
spray pesticides detected. A few days after the rainfall on
February 5, 7, and 8, streamflow at Freeport increased,
reaching a maximum on February 14 (Fig. 2A). Similarly, di-
azinon concentrations increasedon February 8 and reached
a measured maximum of 393 ng/L on February 12 (Fig. 2B).
Distribution of methidathion over time was similar to that
of diazinon, but the peak shape was slightly broader, and the
maximum concentration wes 212 ng/L. It rained again Feb-
ruary 17to 19, and both dischargeand pesticide concentra-
tions increased. During this second pulse, the maximum
concentrationsof diazinonand methidathionwere lower and
the peaks were more spread out than during the first pulse.
The maximum diazinon concentrationwas 193ng/L on Feb-
ruary 21, whereas methidathion concentration peaked at
71ng/L on February 22. The dischargealso reached a max-
imum 2 d later (February 24).

In contrast to the Sacramento River, elevated concentra-
tions of pesticides were detected in the San Joaquin River at
Vernalisin both January and February. Only diazinon was
detected in January, whereas diazinon, methidathion, and
chlorpyrifos were detected in February. In the San Joaquin
Valley, three periods of rainfall (accumulations of greater
than 25 c¢cm) occurred, beginning on January 6, 12, and 17.
Each rainfall was followed by a corresponding increase in
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double pulse of diazinon in February after the February 7to
8rainfall period {13]. The concurrent distribution of methi-
dathion showed only a single peak, which occurred between
the two diazinon peaks. The relative timing of the methida-
thion and diazinon peaks indicates that the primary source
of methidathionwas at a location between the two sources
of diazinon.

In 1990, more chlorpyrifos was applied in the San Joa-
quin Valley than in the Sacramento Valley (Table ) The low
concentrationsof chlorpyrifos detected for only a few days
in the San Joaquin River, despite a higher use than methi-
dathion, can be explained by the hydrophobic nature of
chlorpyrifos. With a water solubilityof only 20mg/L, chlor-
pyrifos has a tendency to sorb onto sediments and will be
transported from the orchards primarily via sediment erosion
rather than water runoff. In contrast, although malathion
has a high water solubility (145mg/L), it was not detected
in any of the water samples during this study. The low use
and rapid degradation of malathion in soil [14] can explain
the absence of detectable malathion in the two rivers.

Calculation of pesticide loads

Pesticide loads for the Sacramento River were calculated
by multiplyingthe instantaneous measured pesticide concen-
tration by the tidally filtered, daily mean discharge (Fig. 4A).
For diazinon, the integrated loads for each peak were 180 kg
for February 8to 16and 130 kg for February 19to 25. Al-
though the maximum concentration during the second peak
(198 ng/Ly was only half that during the first peak (393
ng/L), the loads of diazinon in the river were similar. For
methidathion, the integrated loads were 120 and 57 kg, re-
spectively. In contrast to diazinon, the methidathion load was
much lower following the second rainfall; the higher water
solubility of methidathion as compared with diazinon may
account for the higher percentage of the methidathion dis-
charging from the watershed during the first rainfall.

Pesticide loads for the San Joaquin River were calculated
by multiplying the instantaneousmeasured pesticide concen-
tration by the daily mean dischargeat Vernalis (Fig. 48). For
diazinon, the integrated load for January 8to 28 was 48kg
and for February 7to 28 was 44 kg. Although the diazinon
concentrations were much higher in February, the discharge
was much lower than in January so that the resulting loads
were similar. It is likely that additional diazinon was applied
to orchards between the January and February rains, but the
lack of detailed data on diazinon application at this time
makes it impossibleto verify. The load of methidathion was
much lower, with only 12 kg of methidathion for February
8to 19in the San Joaquin River.

There is a striking contrast between the pesticide loads in
the two rivers. The load of diazinon in the Sacramento River
for January and February (340kg) was 35 times the diazi-
non load in the San Joaquin River (98kg), whereas the dif-
ference in methidathion loads (190and 12 kg, respectively)
was a factor of 17. The lack of current pesticide-use data pre-
cludes a quantitative comparison of the riverine load to use
ratios in the two valleys. In 1990, 15 times as much ethyl
parathionwas applied in the Sacramento Valley as in the San
Joaquin Valley and equal amounts of diazinon were applied
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Fig. 4. Pesticide loads: (A) Sacramento River at Sacramento, and
(B) San Joaquin River at Vernalis, Januaryand February 1993.

(Table ) If the entireamount of ethyl parathion used in 1990
was replaced by diazinon (1 :1), approximately equal amounts
of diazinon would have been applied to the two valleys. In
addition, methidathion was probably applied in similar
amountsto the two watersheds. These pesticide-use patterns
cannot account for the higher load of both diazinon and
methidathion in the Sacramento River.

Other factors that influence runoff of pesticides include
timing of application relative to rainfall, total amount of
rainfall, and saturation of il due to antecedent conditions.
Details are not known about the exact timing of dormant
spray application in 1993, but most of the application in
both valleys was probably during the dry period at the end
of January. The amount of rainfall before and after pesti-
cide application varied greatly between the two valleys. The
average rainfall in Sacramento Valley was 16.0cm in Decem-
ber, 179 an in January, and 18.3 cm in February. In com-
parison, the San Joaquin Valley was significantly drier with
only 5.89, 9.96, and 9.96 cm of rain in December, January,
and February, respectively. The differences in the amount
of rainfall before and after pesticide applicationin the two
basins could account for the observed differences in pesti-
cide loads.
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Table 2. Bioassay results and pesticide concentrationsin Sacramento and San Joaquin River water

Dormant spray pesticides (ng/L)

Other pesticides (ng/L)

Bioassay results

Sampledate (% mortality)  Diazinon Methidathion Chlorpyrifos Atrazine Carbaryl Simazine

Sacramento River at Rio Vista
Feb 7 0 67 tr? nd tr nd n
Feb 8 0 37 12 nd 18 nd 84
Feb 9 0 37 11 nd nd nd 65
Feb 10 0 46 tr nd D nd )
Feb 11 0 100 1B nd 3 nd 309
Feb 12 100° X3 157 nd 50 nd 32
Feb 13 100° 21 1 nd 45 nd 221
Feb 14 100° 187 98 nd 30 nd 106
Feb 15 0 10 78 nd 19 nd 15
Feb 16 10 B 53 nd tr nd 90
Feb 17 0 s 2 nd 16 nd 178
Feb 18 0 60 2 nd tr nd 96
Feb 19 0 149 55 nd 51 nd 31
Feb 21 .0 166 68 nd 37 nd 272
Feb 23 0 136 54 nd 2 nd 157
Feb 25 0 72 42 nd nd nd a3

San Joaquin River at Vernalis
Feb 5 0 73 tr nd nd tr 128
Feb 7 0 84 tr nd nd tr 3]
Feb 8 100° 773 12 nd nd o 1B
Feb 9 100¢ 586 K3 tr nd 106 596
Feb 10 100° 358 214 tr nd 62 492
Feb 11 100° 1,011 140 3 nd 41 844
Feb 12 100° 554 92 42 nd 14 455
Feb 13 1004 3% 49 R nd 0 33
Feb 14 100¢ et 70 tr nd nd 247
Feb 15 100¢ 364 56 tr nd 10 243
Feb 16 100° 23 157 tr nd nd 180
Feb 17 100° 1% 2 tr nd nd 18
Feb 18 100° 148 D tr nd nd 160
Feb 19 1004 350 A nd nd nd 360
Feb 20 0 83 tr nd nd nd 187
Feb 21 0 74 nd nd nd tr 238
Feb 23 0 79 17 nd nd nd 137
Feb 24 20 49 10 nd nd nd 15
Feb 25 0 43 tr nd nd nd 89

nd, not detected.

"Trace means compound detected at concentrationbelow method detection limit.

®Mortality occurred within 7 d.
'Mortality occurred within 24 h.
9Mortality occurred within 48 h.

sponse (Table 2). The comparative toxicities of these pesti-
cides are (in order of toxicity) chlorpyrifos, diazinon,
methidathion, carbaryl, atrazine, and simazine. Chlorpyri-
fos was the most toxic pesticide detected; the laboratory 96-h
LC50 for C. dubia was between 80and 130ng/L of chlor-
pyrifos [2]. The other pesticides detected in these water sam-
ples are less toxic than diazinon. For methidathion and
carbaryl, the laboratory 96-h LC50s for C. dubia were 2,000
and 8,300 ng/L {2,17]. Atrazineand simazine are much less
toxic, with reported 48-h LC50s of 6.9 x 10%and 1.0 x 107
ng/L for Duphniamagna (also a water flea) [18,19]. Because
the concentrationsof methidathion, carbaryl, atrazine,and
simazine were an order of magnitude or more lower than
their respective LC50s, these compounds probably do not
contribute to the observed toxicity. However, the additive or

synergistic effects of pesticides are not well understood. In
addition, other compoundsfrom agriculturaland urban run-
off, including trace metals and other organic compounds,
could be present and could be contributingto the overall tox-
icity observed in the bioassay surveys.

Results of this pesticide study are useful to estimate the
possible effects of dormant spray pesticides on the ecology
of the deltaand bay. The National Academy of Sciencesand
National Academy of Engineering [20] has recommended a
guideline of 9 ng/L diazinon as a maximum concentration
in surface water for protection of aquaticlife, and the Inter-
national Joint Commission {21] suggests a similar guideline
of 8 ng/L diazinon for the Great Lakes. Currently (1995),
there is no EPA aquatic-life criterion for diazinon. For chlor-
pyrifos, the EPA water quality criteria for protection of
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freshwater aquatic organisms is 41 and 83 ng/L for chronic
and acute exposures, respectively [22]. In all the samples col-
lected during this study, concentrations of diazinon always
exceeded the National Academy of Sciences and National
Academy of Engineering recommended guidelines, whereas
the dissolved concentrations of chlorpyrifos were less than
the recommended EPA criteria on all dates except for Feb-
ruary 12 on the San Joaquin River.

Bioassay results demonstrate that diazinon and possibly
other compounds present in storm runoff were biologically
available. Although there is not an extensive toxicological
database for diazinon, what is available suggests that other
invertebrates are more sensitive to diazinon. For example, the
96-h LC50 for Daphnia magna, Gammarusfaciatus, and
Chironmomus tentans, two of which are present in the estu-
ary,are 210,200, and 30ng/L diazinon, respectively [23-25].
These organismsare 2 to 18 times more sensitivethan C. du-
bia. Reproduction was not measured in this study. However,
the 1C25 for C. dubia (concentration that produces a 25%
reduction in reproduction) is 125 ng/L diazinon. As with
mortality, reproductive impacts for other organisms proba-
bly occur at still lower concentrations. Therefore, the pesti-
cide field data suggest that sensitive organisms in the San
Francisco Estuary may experience short periods of acutely
toxic conditions and longer periods with potentially chronic
impacts in the winter.

Ecological effects of pesticides on aquatic biota in the
delta have not yet been studied; however, most freshwater
zooplankton (copepods, rotifers, and cladocerans) in the
delta are in decline [26]; the cause is unknown. More stud-
ies need to be conducted to ascertain the impact of pesticides
in controlling the abundance and distribution of organisms
in the San Francisco Estuary.

SUMMARY AND CONCLUSIONS

Results of this and previous studies indicate that rainfall
runoff is an important mechanism for transporting dormant
spray pesticides from orchards into rivers. Elevated concen-
trations of diazinon, methidathion, and chlorpyrifos were
detected after rainfall in January and February in the Sac-
ramento and San Joaquin rivers. Timing of pesticide appli-
cation, amounts of pesticides applied, water solubility, and
soil half-life explain most of the observed temporal and geo-
graphic differences in riverine pesticide concentrations. Dif-
ferencesin riverine pesticide loads in the Sacramento and San
Joaquin riversare likely due, in part, to variations in amount
of rainfall to the basins before and after pesticide application.

Under high-flow conditions in February 1993, diazinon
and methidathion were transported in distinct pulses down
the Sacramento River and into San Francisco Bay. These pes-
ticides also were transported from the San Joaquin River
through the Sacramento-SanJoaguin Delta; withinthe delta,
distribution of pesticideswas a steady increase in concentra-
tion over time, rather than distinct pulses.

Results of 7-d bioassays indicate that Sacramento River
water at Rio Vista was acutely toxic to C. dubia. for 3 con-
secutive d and San Joaquin River water at Vernalis for 12
consecutive d (Table 2). Bioassay mortality corresponded

with the highest diazinon concentrations at both sites, and
diazinon does explain a good deal of the observed C. dubia
toxicity. In addition, other pesticides were present that could
have contributed to the toxicity of the water samples.

Concentrations of diazinon in all water samples collected
in this study exceeded the water quality guidelines recom-
mended by NAS/NAE for protection of aquatic life [20];
concentrations of all other pesticideswere below any recom-
mended or regulatory limits. More extensive chemical and
toxicological testing needs to be done to ascertain the chem-
icals responsible for causing toxicity, to determine their dis-
tribution and fate within the delta, and to evaluate their effect
on native organisms.
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