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Abstract Chlorpyrifos is a common surface water con-

taminant in California, USA. We evaluated five years of

chlorpyrifos use and surface water monitoring data in

California’s principal agricultural regions. Imperial County

and three central coastal regions accounted for only 10 %

of chlorpyrifos statewide use, but displayed consistently

high aquatic benchmark exceedances (13.2 %–57.1 %). In

contrast, 90 % of use occurred in Central Valley regions

where only 0.6 %–6.5 % of samples exceeded aquatic

benchmarks. Differences among regions are attributable to

crop type, use intensity, irrigation practices and monthly

application patterns. Application method did not appear to

be a factor.
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Chlorpyrifos is a broad-spectrum organophosphorus insec-

ticide currently used in California on a variety of crops. The

major uses include nut orchards, citrus, alfalfa, wine grapes

and vegetable crops. Between 2006 and 2010, more than 1.45

million pounds of chlorpyrifos active ingredient (AI) were

used annually in California. Non-agricultural uses of chlor-

pyrifos were phased out during 2002–2004, after which

detections of chlorpyrifos in urban areas decreased

significantly (Phillips et al. 2007). However, the pesticide

was still frequently detected in streams in agricultural areas

of California. In 2002 and 2003, DPR and the Central Valley

Regional Water Quality Control Board (CVRWQCB) col-

lected water samples from rivers and tributaries of the San

Joaquin Valley, the Sacramento/San Joaquin Delta, and

Monterey County tributaries. Analysis of the monitoring

data revealed numerous chlorpyrifos detections at levels that

exceeded water quality criteria (Spurlock 2004). Conse-

quently in 2004, DPR placed all agricultural use products

containing chlorpyrifos into reevaluation. In 2006, DPR

adopted dormant spray regulations to restrict pesticide

application during the dormant season, which coincides with

the rainy season in winter (DPR 2005). After that, dormant

uses of chlorpyrifos on tree crops have dropped significantly;

however, a substantial amount of chlorpyrifos is still being

used during the irrigation season on tree crops and year-

round on other crops. Recent monitoring studies showed

frequent detections of chlorpyrifos with concentrations

exceeding water quality criteria (Ensminger et al. 2011;

Corbin et al. 2009; Phillips et al. 2007). To further reduce

chlorpyrifos contamination to the surface waters of Cali-

fornia, more investigations are needed to examine the pro-

cesses and associated factors that contribute to off-site

movement of chlorpyrifos. The objective of this analysis was

to identify chlorpyrifos use scenarios that potentially con-

tribute to its frequent detections in surface waters of

California.

Materials and Methods

This analysis targeted chlorpyrifos use scenarios in the

major agricultural production areas in California, USA.

First, monitoring sites with the most frequent exceedances
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of the target concentration were identified using monitoring

data from 2006 to 2010. The chronic US EPA benchmark

for aquatic invertebrates (0.04 lg/L), the lowest value for

aquatic organisms, was used as the target concentration

(US EPA 2012). Second, drainage areas contributing to

these sites were identified using CalWater 2.2 watershed

maps that were developed by the California Interagency

Watershed Mapping Committee (USDA 2009). Finally,

chlorpyrifos use data in the drainage areas were summa-

rized to identify the top use scenarios.

Pesticide surface water monitoring data were queried

from the DPR surface water monitoring database (DPR

2012a) for seven major agricultural regions in California

(Fig 1). All surface water monitoring data available as of

February 2011 were included in the analysis. In addition,

the data from the Central Coast Monitoring Program,

which were not in DPR’s surface water monitoring data-

base, were added for analysis. Monitoring data from 2006

to 2010, with 2,495 samples collected from 222 sample

sites, were included in the final dataset (Table 1). Based on

these data, the frequency of detection and the frequency of

benchmark exceedance were calculated.

Chlorpyrifos use information between 2006 and 2010

was collected from DPR’s Pesticide Use Reporting (PUR)

database (DPR 2012b). PUR data were mapped with the

basic spatial unit of township/range/sections, which is a

one-square-mile land unit defined by the US Department of

Interior’s Public Lands Survey Coordinate System. Appli-

cations occurring within each region were identified by

overlaying the GIS maps of township/range/sections with

CalWater2.2 watershed boundaries. Crops with top chlor-

pyrifos use (pounds of AI) were then identified in each

drainage region.

Results and Discussion

Overall, a total of 2,495 samples were collected with 441

detections and 248 exceedances yielding frequencies of

17.7 % and 9.9 %, respectively (Table 1). The highest

concentration (3.7 lg/L) was reported in July of 2007 from

a sample in Black Rascal Creek in Merced County (Table

S1 in the electronic supplementary material). Among the

seven regions, Santa Maria Valley had the most frequent

detections and exceedances with chlorpyrifos detected in

79.8 % of the samples, among which 57 % exceeded the

Fig. 1 Study regions in California, USA

Table 1 Summary of chlorpyrifos monitoring and pesticide use data (2006–2010) by region

Region Monitoring results in surface water Pesticide use

Sites Samples No. of detect No. of exceeda Detect % Exceed % Lbs/yearb Acre/year Lbs/acre

Santa Maria 19 84 67 48 79.8 57.1 27,705 16,878 1.64

Imperial 15 72 34 22 47.2 30.6 47,946 31,726 1.51

Salinas 20 241 106 63 44.0 26.1 56,908 44,982 1.27

Pajaro 21 68 12 9 17.6 13.2 6,723 4,878 1.38

San Joaquin 96 1575 203 103 12.9 6.5 270,871 216,430 1.25

Sacramento 35 352 18 2 5.1 0.6 154,617 107,545 1.44

Tulare 16 103 1 1 1.0 1.0 779,716 605,869 1.29

All regions 222 2495 441 248 17.7 9.9 1,344,486 1,028,308 1.31

a A target concentration of 0.04 lg/L, the lowest US EPA benchmark, was used to determine number of exceedances and percent exceedances
b Total pounds of applied active ingredient per year
c Total acreage of crop land per year that received chlorpyrifos application
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US EPA benchmark of 0.04 lg/L (Table 1). The three

regions in the Central Coast plus the Imperial Valley had

higher detection and exceedance frequencies than the three

regions in the Central Valley.

From 2006 to 2010, statewide chlorpyrifos use

decreased by 33 % and 29 % in total pounds of AI and

applied acreage, respectively (Fig. 2). Chlorpyrifos use in

the Tulare Region was the highest among all regions,

accounting for 58 % of the total pounds and 55 % of the

applied acreages (Fig. 2). San Joaquin Valley ranked sec-

ond accounting for 14 % of the statewide use followed by

the Sacramento Valley with 12 % (Fig. 2). Use in the

Salinas, Imperial, Pajaro and Santa Maria valleys was

relatively lower accounting for only 10 % altogether.

Previous studies have shown that use amount of pesticides

was significantly correlated with their surface water detec-

tions within a watershed (Guo et al. 2004; Spurlock 2004).

Table 1 showed that pesticide use intensity as expressed by

pounds of active ingredient per acre of applied crop land

(lbs/acre) was correlated with the exceedance frequencies

(Pearson’s coefficient = 0.7).

The regions with higher detection/exceedance frequen-

cies (e.g. Santa Maria, Imperial) applied a higher amount of

chlorpyrifos per unit crop land than regions with lower

detection/exceedance frequencies (Table 1). This could be

associated with more repeated pesticide applications and

multiple cropping of vegetables within a year in the high

detection/exceeding regions. In the Central Coast, two or

three vegetables crops per year were common, whereas in

the Central Valley where tree crops were the top uses, only

one crop is grown throughout the year. Besides use intensity,

other factors may also affect chlorpyrifos runoff into surface

water, such as the way the pesticide was applied (application

method), the type of products applied (product formulation),

irrigation type, and timing of pesticide application in rela-

tion to rainfall/irrigation events. Use information on treated

crops including application method and product formulation

was summarized and compared between the regions with

high and low exceedance frequencies.

Regions with High Use and Low Exceedance

Frequencies (Tulare, San Joaquin and Sacramento)

In the Tulare Region, 16 sites were monitored for chlor-

pyrifos from 2006 to 2009. Of the 103 samples taken, only

one sample exceeded the target concentration of 0.04 ng/L

(Table 1). That sample was taken in July 2006 in Goshen

Ditch with a concentration of 0.46 lg/L. Between 2006

and 2010, over 3.89 million pounds of chlorpyrifos were

used in this region accounting for 58 % of the use in the

entire state. Chlorpyrifos was mainly used on almond,

orange, alfalfa and cotton, accounting for 73 % of the total

use in the region (Table 2). Since dormant use of chlor-

pyrifos had decreased significantly, most of the applica-

tions occurred during summer months from May to

September (Fig. 3). On almond and orange, chlorpyrifos

was applied mainly via ground spray, while on alfalfa and

cotton, aerial spray was the dominant type. Regarding

product formulation, both emulsifiable concentrate (EC)

and liquid concentrate (LC) formulated products were used

with EC being the more popular type. Almost no products

applied were formulated as granular (GR).

In the San Joaquin Valley region, a total of 96 sites were

monitored for chlorpyrifos from 2006 to 2010. Among the

1,575 samples taken, 6.5 % exceeded the target concen-

tration of 0.04 lg/L (Table 1). Exceedance occurred in 46

of the 96 sites. Between 2006 and 2010, a total of 1.35

million pounds of chlorpyrifos were used in this region.

Chlorpyrifos was mainly used on almond, walnut, alfalfa,

and wine grapes, accounting for 83 % of the total use in the

region (Table 2). Applications occurred mainly in March

during spring and from May to September during summer

(Fig. 3). Most applications were implemented via ground

spray except for those on alfalfa, of which 63 % was

applied via aerial spray (Table 2). Both EC and LC for-

mulated products were used, with EC being the most

dominant type (Table 3). Very few granular products were

applied in this region (Table 3).

In the Sacramento Valley region, 35 sites were moni-

tored for chlorpyrifos from 2006 to 2010. A total of 352

samples were taken, 0.6 % of which exceeded the target

concentration (Table 1). Between 2006 and 2010, over

773,000 lbs of chlorpyrifos were used, accounting for 12 %

of use in the entire state. Chlorpyrifos was mainly used on

walnut, almond and alfalfa, accounting for 96 % of the

total use in the region (Table 2). Applications occurred

mainly in March during spring and from May to September

during summer (Fig. 3). Almost all the applications were

by ground spray using EC formulated products except for

alfalfa, on which 63 % of the applications were by air

(Tables 2, 3).

In summary, the three regions in the Central Valley

accounted for 90 % of chlorpyrifos applied statewide. Top

Fig. 2 Chlorpyrifos use in different regions by pounds of active

ingredient. Numbers are the percentage of statewide use for each

region. No percentage less than 5 % was shown in the graph
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use crops include trees (almond, walnut, orange), vines

(wine grapes), alfalfa and cotton. On tree crops, dormant

uses had been reduced significantly with the remaining

uses occurred mainly in March during spring and from

May to September during summer. Most of the applications

were made by ground spray using EC formulated products.

For those crops, most of the land was equipped with low

volume irrigation such as micro/mini sprinkler and drip

(Table 2). For wine grapes, chlorpyrifos was applied in

spring and fall via ground spray using EC and LC formu-

lated products. Most of the wine grapes were irrigated

using drip or micro sprinkler (Table 2). For alfalfa, chlor-

pyrifos was applied mostly in March, July and August.

Most of the applications were by aerial spray using EC

formulated products. Gravity irrigation such as flood and

furrow were commonly practiced in alfalfa. Figure 3 shows

that monthly use of chlorpyrifos mirrors the monthly per-

centage of exceedances, with highest exceedances occur-

ring during summer months (Fig. 3).

Regions with Low Use and High Exceedance

Frequencies (Salinas, Santa Maria, Pajaro,

and Imperial)

In the Salinas Valley region, 21 sites were monitored for

chlorpyrifos from 2006 to 2010. A total of 236 samples

were taken, 26.7 % of which exceeded the target concen-

tration of 0.04 lg/L (Table 1). All the sites with excee-

dances were located in the Lower Salinas Valley basin. A

total of 284,541 lbs of chlorpyrifos were used in the region

between 2006 and 2010. Chlorpyrifos was mainly used on

broccoli, wine grapes and cauliflower (Tables 2, 3). Use of

Table 2 Chlorpyrifos use by application method 2006–2010

Region Crop Total (lbs) Ground (%) Aerial (%) Other (%) Major irrigationa

Tulare Almond 1,194,140 83 17 0 Drip/micro

Orange 647,130 99 0 1 Drip/micro

Alfalfa 521,801 10 90 0 Gravity

Cotton 476,993 12 88 0 Gravity

All crops 3,898,613 68 31 0

San Joaquin Almond 453,072 88 12 0 Drip/micro

Walnut 309,647 97 3 0 Drip/micro; gravity

Alfalfa 233,398 37 63 0 Gravity

Grapes, wine 126,826 100 0 0 Drip/micro

All crops 1,354,356 79 21 0

Sacramento Walnut 497,586 85 15 0 Drip/micro; sprinkler

Almond 191,882 93 7 0 Drip/micro

Alfalfa 54,797 33 67 0 Gravity

All crops 773,087 83 17 0

Salinas Broccoli 153,695 99 0 1 Sprinkler; drip/micro

Grapes, wine 72,971 100 0 0 Drip/micro

Cauliflower 37,324 99 0 1 Sprinkler; drip/micro

All crops 284,541 99 0 1

Imperial Sugarbeet 128,883 20 76 4 Gravity

Alfalfa 89,456 31 68 1 Gravity

Corn 12,281 49 37 14 Gravity

All crops 239,728 26 71 3

Santa Maria Broccoli 86,061 98 2 0 Sprinkler; drip/micro

Grapes, wine 19,707 100 0 0 Drip/micro

Strawberry 15,891 100 0 0 Sprinkler; drip/micro

Cauliflower 10,915 100 0 0 Sprinkler; drip/micro

All crops 138,524 99 1 0

Pajaro Apple 8,762 100 0 0 Sprinkler; drip/micro

Cabbage 4,059 99 0 0 Sprinkler

Corn 3,123 93 7 1 Drip/micro

All crops 33,613 95 5 0

a Source: California department of water resources statewide irrigation methods survey of 2010 (DWR 2012)
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chlorpyrifos on broccoli alone accounted for about 54 % of

the total chlorpyrifos use in the area. Chlorpyrifos was used

throughout the year with the majority of applications

occurring in spring and summer (Fig. 3). Almost all the

applications were by ground spray (Table 2). In this region,

both EC and granular products were popularly used. On

broccoli and cauliflower, a higher percentage of applied

chlorpyrifos was formulated as granular, while on wine

grapes EC products were the major formulation.

In the Imperial Valley region, 15 sites were monitored

for chlorpyrifos from 2006 to 2010. A total of 72 samples

were taken, 30.6 % of which exceeded the target concen-

tration of 0.04 lg/L (Table 1). Exceedances occurred in 9

of the 15 sites. Between 2006 and 2010, over 230,000 lbs

of chlorpyrifos were used in this valley. Chlorpyrifos was

mainly used on sugarbeet, alfalfa and corn, accounting for

96 % of the use in the entire valley (Table 2). Applications

occurred mostly in months from September to March

(Fig. 3). Unlike Salinas Valley, chlorpyrifos was applied

more often via aerial application than ground application.

More than half of the use was from EC formulated products

with 30 % from LC and 10 % from granular products

(Table 3).

In the Santa Maria Valley region, 19 sites were moni-

tored for chlorpyrifos from 2006 to 2010. A total of 84

samples were taken, 57 % of which exceeded the target

concentration (Table 1). Exceedances occurred in 15 of the

19 sites. Between 2006 and 2010, over 138,000 lbs of

chlorpyrifos were used in this valley. Chlorpyrifos was

mainly used on broccoli, wine grapes, strawberry and

cauliflower, accounting for 96 % of the use in the entire

valley (Table 2). Almost all the applications were by

ground spray (Table 2). In this region, both EC and gran-

ular products were popularly used. On broccoli and

cauliflower, over 90 % of applied chlorpyrifos was for-

mulated as granular, while on wine grapes and strawberry,

EC products were the majority.

In the Pajaro Valley region, 21 sites were monitored for

chlorpyrifos from 2006 to 2010. A total of 68 samples were

taken, 13 % of which exceeded the target concentration

(Table 1). Exceedances occurred in all the monitoring

sites. Between 2006 and 2010, over 33,000 lbs of chlor-

pyrifos were used in this valley. The top use crops include

apple, cabbage and corn (Table 2). Almost all the appli-

cations were by ground spray (Table 2). In this region, both

EC and granular products were popularly used. On apple,

88 % of applied chlorpyrifos was formulated as EC. On

corn, however, over 90 % of applied chlorpyrifos was

formulated as granular. On cabbage, 60 % of applied

chlorpyrifos was from granular compared to 39 % from EC

products.

The above four regions used only 10 % of the statewide

chlorpyrifos use, however, they had the highest frequencies

of chlorpyrifos detections and exceedances. Over 50 % of

the detections and 57 % of exceedances for chlorpyrifos

were from samples taken in these four regions. The four

regions shared some similarities in chlorpyrifos use pat-

terns. The top use sites were mainly non-tree crops: veg-

etables, wine grapes, corn and alfalfa. Except for Imperial

Valley, where chlorpyrifos was mostly applied via aerial

application, the rest of the three regions were dominated by

ground application. While all EC, LC and granular prod-

ucts had been used, EC and granular products were most

popular. Unlike the regions in the Central Valley, where

almost no granules were used, these four regions used a

significant amount of granular products. Macro sprinkler

and gravity irrigation were commonly used on vegetable

crops (Table 2). Chlorpyrifos exceedance frequencies in

Fig. 3 Monthly average use of

chlorpyrifos 2006–2010
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each month follow closely with the monthly variations of

pesticide use, with March having the highest use and

exceedance frequencies (Fig. 3).

The differences in detection/exceedance frequencies

between regions can be explained largely by the types of

crops treated and their associated factors including use

intensity, irrigation method and monthly application pat-

terns. In the high detection/exceedance regions (Central

Coast and Imperial), vegetable crops were the main uses of

chlorpyrifos, where multiple cropping with two to three

vegetables per year were common. Chlorpyrifos was often

applied repeatedly on these crops within a year. This

resulted in relatively higher chlorpyrifos use intensity. In

contrast, in the low detection/exceedance regions, where

tree crops were the main uses of chlorpyrifos, chlorpyrifos

use intensity was relatively lower. Regarding irrigation

method, in the low detection/exceedance regions, several

of the high chlorpyrifos use crops used low volume irri-

gation methods (drip, micro sprinkler) (Table 2). In con-

trast, many of the high chlorpyrifos use crops in the high

detection/exceedance areas used gravity or sprinkler irri-

gation. These methods generate much larger amounts of

irrigation runoff. Pesticide application methods were sim-

ilar between regions, with ground application being the

most common type followed by aerial application.

Regarding product formulation, EC, LC and granular

products were commonly used, with EC formulated prod-

ucts being the most popular. Granular products were only

used in regions with high exceedances; however, whether

uses of granular products contributed to the higher detec-

tion/exceedances in those regions requires further investi-

gation because there was limited literature on the effects of

Table 3 Chlorpyrifos use by formulation 2006–2010

Region Crop Total (lbs) EC (%) LC (%) GR (%) Other (%)

Tulare Almond 1,194,140 76 23 0 0

Orange 647,130 76 24 1 0

Alfalfa 521,801 95 5 0 0

Cotton 476,993 94 6 0 0

All crops 3,898,613 82 17 1 0

San Joaquin Almond 453,072 91 9 0 0

Walnut 309,647 85 15 0 0

Alfalfa 233,398 97 3 0 0

Grapes, wine 126,826 54 46 0 0

All crops 1,354,356 83 13 3 0

Sacramento Walnut 497,586 92 8 0 0

Almond 191,882 90 10 0 0

Alfalfa 54,797 92 8 0 0

All crops 773,087 91 9 0 0

Salinas Broccoli 153,695 39 14 47 0

Grapes, wine 72,971 86 14 0 0

Cauliflower 37,324 20 4 74 2

All crops 284,541 50 13 36 1

Imperial Sugarbeet 128,883 48 35 17 0

Alfalfa 89,456 76 23 0 0

Corn 12,281 52 36 12 0

All crops 239,728 59 30 10 0

Santa Maria Broccoli 86,061 2 0 98 0

Grapes, wine 19,707 84 16 0 0

Strawberry 15,891 92 8 0 0

Cauliflower 10,915 10 0 90 0

All crops 138,524 26 4 69 0

Pajaro Apple 8,762 88 12 1 0

Cabbage 4,059 39 0 60 1

Corn 3,123 9 1 90 0

All crops 33,613 52 12 32 4

EC emulsifiable concentrates; LC liquid concentrates; GR granular/flake
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product formulation on surface runoff for chlorpyrifos. In

addition, seasonal variations in chlorpyrifos exceedance

mirror those in pesticide use suggesting that monthly use

variations may be an important factor.

Once applied to the field, chlorpyrifos can move off-site

dissolved in runoff water or attached to sediment. Factors

that affect surface runoff and sediment erosion would

impact chlorpyrifos runoff from agricultural fields. These

factors may include climate (rainfall amount, intensity and

timing relative to pesticide applications), soil characteris-

tics, field slope, agricultural management practices (irri-

gation, soil erosion control efforts, pesticide formulation,

application method and application rate), and the physio-

chemical properties of pesticides (Larson et al. 1991). This

study suggests that application method likely was not

related to the regional differences in chlorpyrifos detection/

exceedances. Factors such as use intensity, irrigation

method, and monthly use variations are more relevant.

Therefore, further investigation into the effects of these

factors may provide additional insights into this matter.

Many of the key factors are crop specific. Thus, such

investigation should focus on crops with high chlorpyrifos

use in regions with frequent chlorpyrifos detections in

surface water. In addition, studies on the use of granular

products on high use crops are needed to examine the

effects of granular formulation on chlorpyrifos runoff.
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