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Abstract In the Central Valley of California off-site movement of pesticides in stormwater runoff, particularly by those belonging to the class of organophosphate (OP) pesticides, has significantly contributed to the contamination of the Sacramento and San Joaquin Rivers. There is an increase in the use of pesticides belonging to the pyrethroid class throughout the Central Valley area because these pesticides are hydrophobic and believed to reduce off-site transport. The objectives of this study were to quantify mass runoff of two commonly used dormant-spray pesticides, the OP pesticide diazinon and the pyrethroid pesticide esfenvalerate, from orchard micro-plots (4.5 m2) and to compare the individual impact on water quality based on runoff patterns and runoff toxicity to three aquatic organisms. Two null hypotheses were tested: (1) no difference occurs between the mass transport of diazinon and esfenvalerate, and (2) pesticide type does not affect toxicity to three model aquatic organisms. A plot retention-tank technique was used in conjunction with artificial rain to establish runoff patterns and runoff concentrations of the two pesticides. Twelve 4.5 m2 plots were constructed in an orchard in Davis, California, on bare soil. Two separate 2event rain treatments were applied. Each event consisted of an approximate 2.5-h rain application at a rate of 4.3 cm h 1. The only difference between the two treatments was that treatment 2 allowed the pesticide to soak into the soil (i.e., no runoff occurred) prior to runoff while treatment 1 allowed runoff during both events. Mass transport of esfenvalerate in the runoff was less than the mass transport of diazinon under similar conditions. The runoff containing esfenvalerate was substantially less toxic to the waterflea (Ceriodaphnia dubia), but slightly more toxic to the fathead minnow (Pimephales promelas) and the Sacramento splittail (Pogonichthys macrolepidotus). After soaking the pesticides into the soil, reductions occurred in the mass transport and toxicities of both pesticides. The results suggest that esfenvalerate may be a desirable alternative to diazinon in terms of mitigating aquatic toxicity. Additionally, soaking the pesticides into the soil after application may reduce the mass transport and toxicity occurring in runoff. # 2005 Elsevier B.V. All rights reserved. Keywords: Diazinon; Esfenvalerate; Orchard; Organophosphate; Pesticide runoff; Plot retention tank; Pyrethroid



1. Introduction California comprises 2–3% of the nation’s cropland, yet is responsible for 25% of the nation’s pesticide use (Kegley et al., 2000). In the Central Valley of California, pesticide runoff from agricultural drainage and regional agricultural * Corresponding author. Tel.: +1 916 858 2700; fax: +1 916 858 2754. E-mail address: [email protected] (J.A. Brady). 0167-8809/$ – see front matter # 2005 Elsevier B.V. All rights reserved. doi:10.1016/j.agee.2005.12.009



operations has contributed to the contamination of the Sacramento and San Joaquin Rivers (Kuivila and Foe, 1995; Werner et al., 2000). According to the National Water Quality Assessment Program in 1995, a contributing factor to the pesticide contamination of the Central Valley is the practice of applying the organophosphate (OP) pesticide, diazinon, during tree dormancy (Domagalski, 1996; Kratzer, 1999). This technique, known as dormant spraying, involves applying the pesticide during the winter months, typically
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January and February, to protect the trees and their developing buds from insects (Domagalski, 1996). The dormant application of diazinon began in the 1970s and provided an acceptable control over the attack of certain key arthropod pests on California tree crops (Rice et al., 1979). Two characteristics of the Central Valley make it an area highly susceptible to contamination. First, the winter months are the rainy season for the Central Valley, thus creating the potential for greater pesticide transport from rain induced runoff following winter spray applications. Second, because orchard crops such as almond, prune, and peach flourish in well-drained alluvial soils (Domagalski, 1996), they are often located near river channels. As a result, diazinon contaminated runoff can directly enter surface water. In a study during January and February 2003, pulses of diazinon were detected following rainfall events in the Sacramento River at Sacramento and in the San Joaquin River at Vernalis. In the Sacramento River, a maximum diazinon concentration was detected at 0.393 mg L 1 in early February and a second pulse in late February had a concentration of 0.193 mg L 1. In the San Joaquin River, pulses were detected from 0.198 mg L 1 in January to 0.664 mg L 1 in early February and up to 1.70 mg L 1 in late February. This study also showed that the water in the Sacramento River at Rio Vista was acutely toxic to the waterflea (Ceriodaphnia dubia) for three consecutive days and the water in the San Joaquin River water at Vernalis was acutely toxic to the waterflea for 12 consecutive days (Kuivila and Foe, 1995). Studies investigating the effects of diazinon on the fauna of the Sacramento and San Joaquin Rivers are limited. They typically either measure concentrations or conduct laboratory toxicity tests. The ecological consequences on the fauna are still unknown. Despite continued use of diazinon as a popular pesticide in the Central Valley Region, efforts have been made to curb excessive and/or unnecessary use. By 1998, the state of California had placed the Sacramento and San Joaquin Rivers, as well as the associated delta-estuary, on the Clean Water Act Section 303(d). As a direct result, the California State Water Resources Control Board (SWRCB) instituted a mandate to reduce contaminated runoff entering surface waters (SWRCB, 1999). Since then, many organizations have been monitoring and studying the toxicity levels, fate, and transport of diazinon in order to develop best management practices (BMPs) for this pesticide. As of the year 2000, the University of California Statewide Integrated Pest Management Program reported a noticeable decline in the use of OP pesticides. Concomitant with the decline in OP pesticide use, there was an apparent increase in the use of esfenvalerate, a more conventional pesticide belonging to the pyrethroid class (Epstein et al., 2001). Esfenvalerate has been thought to be a positive alternative to diazinon because it is hydrophobic and sorbs to sediment thereby being transported off site in runoff to a lesser degree. However, the environmental threats posed by
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esfenvalerate and other pyrethroids are not yet fully understood. The following paragraph describes two characteristics of diazinon and esfenvalerate that cause the two pesticides to exhibit distinctly different behaviors in the field, the water solubility and the soil organic carbon coefficient (Koc). These two parameters greatly influence the mobility of a pesticide. Koc is a measure of the affinity a pesticide has to adsorb or attach to soil organic matter. The higher the Koc value the greater the affinity of sorption and the higher the organic carbon contents of the soil, the more significant the sorption. Diazinon exhibits moderate to high soil mobility (Watanabe and Grismer, 2001) with water solubility at approximately 60 mg L 1 and a Koc value of roughly 1581 (Kelley and Starner, 2004). In fact, according to Evans et al. (1998) the Koc value for diazinon is 10 times higher than that of other pesticides considered relatively mobile in the sediment-bound phase. As such, it is likely to enter surface waters leading to the current problems associated with diazinon contamination. Conversely, esfenvalerate is nearly insoluble in water at 0.006 mg L 1 and has a Koc value of 215,000 (ibid.). With these listed properties a significant proportion of esfenvalerate is expected to remain bound to sediment (as well as most surfaces) thereby resulting in smaller loss percentages in storm-water runoff when compared to diazinon. However, diazinon has a tendency to desorp from soil if retention time is adequate. As discussed in Oros and Werner (2005) a study was conducted by Bacey et al. (2005) confirming that a number of pyrethroid pesticides (including esfenvalerate) are transported off-site in runoff during rain events. However, with the hydrophobic characteristics of pyrethroids and their tendency to sorb to sediment, detectable concentrations may not be found in large rivers such as the Sacramento and San Joaquin. Although, concentrations of both esfenvalerate and diazinon were detected in water samples collected during the summer growing season of 2003 in waterways of Stanislaus County that drained into the San Joaquin River. Samples were collected weekly for 17 weeks between June and September 2003. Of the samples collected, three had concentrations of esfenvalerate detected above the reporting limit of 0.05 mg L 1. These concentrations were 0.142 mg L 1 in Pomelo Ag Drain, 0.0566 mg L 1 in Westport Drain, and 0.166 mg L 1 in Del Puerto Creek. Three samples had concentrations of diazinon detected above the reporting limit of 0.04 mg L 1. These ranged from 0.055 mg L 1 in Orestimba Creek to 0.0639 mg L 1 in Del Puerto Creek (Kelley and Starner, 2004). Total maximum daily load (TMDL) restrictions have been established on OPs entering surface water in another attempt to mitigate water contamination. In an attempt to meet these TMDL restrictions, esfenvalerate has become an alternative to diazinon for agricultural producers. Using esfenvalerate allows agricultural producers to decrease the amount of OP pesticide leaving their production area while
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continuing to control pest populations. However, a problem with the switch to esfenvalerate is that despite less mass in the runoff water column, contamination due to the sediment bound phase of esfenvalerate is overlooked. At the same time, esfenvalerate is more toxic than diazinon to certain aquatic species, particularly fish (Werner et al., 2002; Clark et al., 1989; Haya, 1989; Smith and Stratton, 1986). A typical measure of a chemical’s toxicity is the LC50 value, which represents the concentration of the chemical that would kill 50% of a test population within a given time. A comparison of the 96-h LC50 for diazinon and esfenvalerate for two unrelated fish species revealed distinct differences in toxicity (Werner et al., 2002). For the fathead minnow (Pimephales promelas) and Sacramento splitttail (Pogonichthys macrolepidotus), the 96-h LC50 for diazinon was determined to be 6000 mg L 1 and 7500 mg L 1, respectively. By contrast, the 96-h LC50 for esfenvalerate are 0.25 mg L 1 and 0.50 mg L 1 (ibid.). Based on the molecular weight of esfenvalerate, 419.9 g mol 1 (Wauchope et al., 1995) these mass concentrations convert to 0.595 nmol L 1 and 0.119 nmol L 1. This supports a conclusion found in a 1989 review of pyrethroid toxicity tests that showed concentrations in the nmol L 1 range are lethal to fish (Haya, 1989). For this reason, scientists classify pyrethroid chemicals as super-toxic and warn that they have the potential to significantly bioaccumulate in aquatic organisms (Clark et al., 1989). Because the use of esfenvalerate is on the rise, there is a need for examining the potential contribution this pesticide has to surface water contamination as well as the affect the pesticide has on organisms during hydrologic processes. With hydrophobic pesticides such as esfenvalerate, the issue of assessing impacts on aquatic life becomes difficult due to the fact that esfenvalerate sorbs to sediment thereby reducing its bioavailability (Spurlock et al., 2005). According to a report by Oros and Werner (2005), information on the toxicity effects of pyrethroids to fish and aquatic invertebrate species in the Sacramento-San Joaquin Delta is limited. However, the report discusses several suggested effects theorized by current data; some species resident to the Sacramento-San Joaquin watershed and delta are more sensitive to pyrethroids than standard bioassay species, pyrethroid pesticide use in the Central Valley and Delta regions might play a role in pelagic (ocean living) organism declines in the upper San Francisco estuary, and smaller/younger organisms are more sensitive than larger/adult organisms while fish embryos appear to be less sensitive to pyrethroid than larvae. This report compiled by Oros and Werner (2005) conveys that efforts are being made to understand the effects pyrethroids have on fauna in the Sacramento and San Joaquin Rivers. Few field studies have been conducted to measure the contribution of individual pesticide applications and rainfall events to total off-site movement. Investigations are typically large scale, such as assessing concentrations of



pesticide in the Sacramento and San Joaquin River Basins, and in the San Francisco Estuary (Domagalski, 1996; Kratzer, 1999; Kuivila and Foe, 1995). In order to quantify the potential for off-site transport of pesticides, investigators must take measurements directly in the orchards. Conducting research directly in an orchard exposes the study to numerous variables such as aerial drift, cross contamination, and unpredictable rain intensity and duration. Minimization of these variables can be achieved using micro-plot systems with rainfall simulators (Angermann et al., 2002). Microplot systems have been shown to reasonably simulate larger fields in terms of pesticide concentrations detected in runoff (Wauchope, 1978; Takahashi et al., 2000). They have been used to measure long-term runoff and erosion rates which were used to develop parameters for the Universal Soil Loss Equation (Angermann et al., 2002; Jackson et al., 1985; Wischmeier and Smith, 1978). This study utilized a micro-plot scale system with artificial rain in order to create a relatively controlled environment. The focus was not to extrapolate results across several space scales, but rather to better understand the behavior of esfenvalerate and diazinon under controlled field conditions in order to aid in the overall assessment of runoff risk. The plot retention-tank technique designed for this study to measure runoff is accurate, easily replicated and controlled, and relatively inexpensive to install and maintain (Jackson et al., 1985). Three organisms were selected for toxicity testing: the waterflea (C. dubia), the fathead minnow (P. promelas) and the Sacramento splittail (Pogonichthys macrolepidotus). The waterflea, an invertebrate, and the fathead minnow, a vertebrate-larval fish, are organisms used by the United States Environmental Protection Agency (USEPA) in standard toxicity tests (USEPA, 1994). The Sacramento splittail was chosen because it is native to California and is found only in the Sacramento-San Joaquin Delta and Central Valley rivers. It was placed on the Endangered Species List as threatened in 1999 due to a variety of causes including pesticide contamination from agricultural operations (US Fish and Wildlife Service, 1999, 1 and 7). The objectives of this study were: (1) to quantify diazinon and esfenvalerate runoff from orchard micro-plots and (2) to evaluate the pesticide impact on water quality based on runoff patterns and the toxicity to three model aquatic species. Using a micro-plot scale system with artificial rain enabled the quantification of soil conditions, hydrologic parameters, chemical runoff parameters and ultimately the development of hydrographs and chemigraphs. Toxicity of the runoff water to the three model organisms was calculated for each of three rain events based on a method of standardizing the pesticide concentrations. Chemical runoff and toxicity data were statistically evaluated to test two null hypotheses: (1) there is no difference in mass transport of diazinon and esfenvalerate, and (2) pesticide type does not affect toxicity to aquatic organisms.



J.A. Brady et al. / Agriculture, Ecosystems and Environment 115 (2006) 56–68



2. Materials and methods



59



application each plot was soaked in the same manner as described in Section 2.5 (Day 1: pre-wetting).



2.1. Study area 2.3. Rainfall simulator Field studies were performed in a plum orchard at the University of California, Davis, Pomology Department field station. Davis is located in the northern section of the Central Valley of California. The average annual rainfall for this area is 441 mm (17.35 in.) (Western Regional Climate Center, 2003). The top 0.20 m of soil in this orchard are recorded as Yolo silt loam (fine-silty, mixed, nonacid, thermic Mollic Xerofluvents) with approximately 28% sand, 47% silt, and 25% clay (Andrews, 1972). Yolo silt loam is moderately permeable resulting in slow runoff and has an available water holding capacity of 0.229–0.279 m (Andrews, 1972).



A rainfall simulator also used by Angermann et al. (2002) was assembled of PVC pipe and brass continuous-spray nozzles. It was calibrated using equally spaced catch cans to give a consistent mean rainfall rate. Rain application intensity was calibrated for 4.3 cm h 1 the same application rate used by Angermann et al. (2002). Simulated rain was applied to a total of 12 plot retention-tank systems over the course of 3 months during the fall of 2001. The plots were vegetation free. 2.4. Soil samples



2.2. Plot retention-tank technique The plot retention-tank system was designed so that runoff from an undisturbed and enclosed section of land (i.e., plot) was captured in a tank, which was installed down slope and below grade from the plot. The only water entering the plot was the simulated rain. Water could only exit the plot as runoff into the tank or as infiltration, and evaporation was assumed negligible. The retention-tank system used in this study was a combination of designs used by Jackson et al. (1985), Evans et al. (1998), and the dimensions (15 m long and 0.3 m wide) used by Angermann et al. (2002). Prior to installing each plot, the ground slope was measured in the vicinity of each plot’s location to determine the lower end for placement of the retention-tanks. The mean plot slope was 0.187  0.086 cm/cm. Plots were oriented with gradients parallel to the orchard rows. Soils at the site were heavily compacted from tractors and historical orchard operations thus the orchard rows were initially tilled to a depth of 0.15–0.17 m for easier installation of plot siding. A trencher guided by a specifically designed wooden tracking system was used to cut grooves in the ground on either side of the designated plot area. Strips of 26-gauge silicon-modified polyester (SMP) sheet metal (chosen for rigidity and corrosion resistance) in lengths of 15 m and widths of 0.3 m were placed vertically in the trench. Benseal1 Bentonite was poured into the gap between the plot and the SMP siding then backfilled with soil and compacted. A 200-L stainless steel retention-tank was situated below grade at the lower end of the plot and connected to the plot by a drainage pipe for the gravity driven water runoff. Before beginning the experiments, the plots were soaked and re-compacted, and soil samples were collected prior to each rain event for calculation of initial soil conditions. During the month prior to experimentation, the plots were soaked in random order to check for leaks around the siding. This created potential variability in the initial conditions, particularly antecedent moisture contents. In order to counteract this and assure similar initial conditions among the plots, 24 h prior to the pesticide



Prior to each rain event, soil samples were collected in replicates of six from each plot to an approximate depth of 10 cm using a cylindrical soil sampler (7.00 cm  3.30 cm () 0.05 cm). Volumetric water content, degree of saturation, porosity, and bulk density were calculated using the measured weights and the known volume (60 cm3 () 1.9 cm3) of these samples. To calculate porosity a particle density of 2.65 g cm 3 was assumed. 2.5. Experimental design This study incorporated a split-plot design replicated in three blocks (n = 3). The main factor, A, which varies less frequently was pesticide type. It had two levels, a1 and a2, corresponding to the two pesticides, diazinon, and esfenvalerate, respectively. The subfactor, B, which is randomized within the main factor, was rain treatment. It also had two factors, b1 and b2, corresponding to the two different rain treatments, rain treatment 1 and rain treatment 2, respectively. Six plots were each designated for the application of one pesticide, either diazinon or esfenvalerate. Two different rain treatments were applied to each set of six plots. This created three replications of each treatment combination for a total of 12 plots, or abn experimental units. Pesticide was applied directly to the plots using a hand sprayer. It was calibrated to the amount designated for 4.5 m2 of plum orchard, GowanTM Diazinon 4E = 2 pts acre 1 (479 kg m 3 active ingredient), and DuPontTM Asana XLTM = 9.5 oz acre 1 (79 kg m 3 active ingredient). The design of the two rain treatments used in this study, rain treatment 1 and rain treatment 2 created a worst-case and mitigation-case scenario, respectively. Both rain treatment scenarios required four consecutive days: Day 1: pre-wetting to establish elevated and uniform antecedent moisture; Day 2: pesticide application; Day 3: first rain event; Day 4: second rain event. Rain treatment 1 consisted of two consecutive day rain events: rinse 1 and rinse 2. Rinse 1 occurred 24 h after
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pesticide application and consisted of an artificial rain of approximately 2.5 h, during which peak discharge was sustained for at least 1 h. Runoff was collected for the entire duration. Rinse 2 was identical to rinse 1 and was applied to the same plot, but 24 h after rinse 1. Rain treatment 2 consisted of two separate rain events: soak and post-soak. The soak occurred 24 h after pesticide application and consisted of an artificial rain of approximately 2.5 h. This time, however, the lower end of the plot was plugged, causing the water retained inside the plot to infiltrate into the soil. The post-soak was applied to the same plot, 24 h later, following the same procedures for a single rinse in rain treatment 1. 2.6. Water runoff sampling At the start of each rain application the time was recorded. Subsequent time was noted with the onset of runoff, for the length of time to fill each runoff sample and when the rainfall was turned off. Frequent samples were taken during the rising limb of the hydrograph because of the continual increase in flow until peak discharge; typically this occurred during the first hour of rain application. Thereafter, samples were taken every 10 min for approximately 2 h. Fill times of 250 mL and 500 mL I-chemTM amber glass bottles were used to calculate runoff rate. Field samples were collected in amber glass jars, stored in the dark on ice, and later transported to a freezer for subsequent analysis. Total volume of runoff collected in the retention-tank was calculated from water depth in the retention-tank and the retention-tank cross-sectional area. Additionally, a grab sample was taken from the tank to represent the flowweighted mean concentration (FWMC). The FWMC was calculated by dividing the total mass of pesticide running off the plot (i.e., the concentration detected in the grab sample) divided by the total volume of water that entered the retention tank. This value was anticipated to be similar to the FWMC calculated from the collected runoff samples, Cs. Several hydrologic parameters were also calculated: depth of total rain applied (A), rain depth prior to runoff (RR), infiltration amount (I), runoff depth (Q), ratio of runoff to rain applied (Q/A), and soil curve number (CN). 2.7. Chemical analysis All runoff samples in this study were analyzed on a Hewlett Packard 5890 Series II Plus gas chromatograph with an auto sampler (Model #5890E). The concentration of diazinon and esfenvalerate in the samples was measured using a nitrogen phosphorous detector and an electron capture detector, respectively. Diazinon samples were prepared using solid phase extraction procedures and esfenvalerate samples were prepared using liquid–liquid extraction procedures. Both extraction procedures used unfiltered samples and followed methods used by the Animal Science Laboratory of Barry Wilson, Ph.D.,



University of California, Davis. Taka Shibamoto and Matt Hengel of the Environmental Toxicology Department, University of California, Davis, advise the Animal Science Laboratory on pesticide extraction procedures and analysis. Water spiked with analytical standards was run in parallel with the samples as a baseline to determine percent recoveries. The detection limit of the samples was approximately 0.059 mg L 1 with 85% recovery for diazinon and 0.031 mg L 1 with 80% recovery of esfenvalerate. Pesticide concentrations detected in each runoff sample of this study were converted to toxic units (TU) using 96-h LC50 values from Werner et al. (2002) where TU = measured concentration divided by the 96-h LC50. Each TU represents the pesticide concentration that causes a 50% reduction in survival of the species of interest. Unlike diazinon, esfenvalerate is hydrophobic and known for its tendency to sorb to soil as well as most surfaces (i.e., sample container walls and filtration apparatus). Samples in this study were not filtered specifically due to this characteristic of esfenvalerate. As described in Spurlock et al. (2005) as ‘‘whole-water’’ analytical results, all esfenvalerate sample containers in this study when transferred from sample container to analysis apparatus were rinsed with extracting solvent to remove any esfenvalerate that may have adhered to the container wall. The rinsate was included in the extract of the sample and results reported concentrations of both the dissolved and sediment-bound residues. Considerations were made when interpreting pesticide analytical results of this study, particularly those for esfenvalerate, because this study measured only the dissolved phase of both pesticides. As such, this study took the route of examining the contribution of individual pesticide applications and rainfall events to total off-site movement with the objective of observing individual runoff patterns and individual toxicity effects the pesticides have to specific organisms in a water column. With the hydrophobic and soil sorption tendencies of esfenvalerate this study was intended to observe the actual quantity of pesticide transported in runoff. The focus of the study was not to determine toxicity as a whole per se, because when interpreting toxicity this study did not investigate the sediment bound phase, only the water column. The purpose of focusing on the water column was to evaluate the said ‘‘advantages’’ (i.e., the expected lower mass in runoff and lower overall toxicity) of using hydrophobic pesticides such as esfenvalerate. Two caveats that should be examined in future analysis of esfenvalerate: the toxicity effects of esfenvalerate on organisms in the sediment-bound phase and the loss percentage of esfenvalerate to container walls and sediment through the process of sampling and laboratory analysis. On the other hand, when interpreting analysis of diazinon desorption was not necessarily an interpretation problem for this study due to the fact that desorption will occur in riverbeds. Any change in pesticide concentration may be justifiably represented. This study looked at a mass
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balance comparison of both diazinon and esfenvalerate to evaluate how much of the pesticides were transported offsite and of that amount transported, theoretically what would be the toxicity in the water column. The sorption of esfenvalerate to sediment need not be under estimated. Weston et al. (2004) found that out of 70 sediment samples from within 10 counties of the Central Valley, 75% contained pyrethroid pesticides. Fourteen percent of the sites showed greater than 80% mortality on at least one occasion. For this study, specific analysis and interpretation of pesticide sorption to sediment is beyond the scope.



3. Statistical analysis One-way analysis of variance (ANOVA) tests were run on the measured slopes of the plots, soil organic matter, soil clay content, bulk density, and the calculated CN measured from within each plot. The ANOVA analyses were conducted in both the east-west and north-south directions of the orchard. The results showed no significant differences existed in the soil properties or hydraulic behavior of the plots in either direction of the orchard. Hence, for ease of experimentation, treatments were not assigned randomly to the experimental units (i.e., plots). To measure the amount of pesticide reaching the plot (thereby accounting for possible drift, variability in calibration, etc.) three glass pans (20 cm  28.75 cm  5 cm) were placed inside the plot to collect representative application amounts. Using ethyl alcohol as a rinse, the pans were drained into sterile, wide-mouth I-ChemTM amber glass jars and later analyzed for their concentrations. The concentrations enabled the calculation of the pesticide amount applied per unit area of plot. The ANOVA test on the amount of pesticide applied to the plots detected no significant difference among chemical applications. Analyses of variance tests were run with the plots nested within rain treatments for all experiments conducted in this study, thereby all interactions of rain event, rain treatment, and plot were included in each analysis. The split-plot analytical approach yielded comparable results, however the nested approach allowed for a broader inclusion of parameters. All statistical analyses were conducted using SAS version 8.2. The Shapiro-Wilk test for normality was used for all data sets; if data lacked normality, then it was transformed accordingly to correct for non-normality. All significance tests were run at the 95% confidence level ( p < 0.05).



4. Results and discussion 4.1. Initial soil conditions Soil systems have potentially high spatial variance. Minimizing variance among the initial soil conditions of the
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micro-plots in this study was critical for the comparison of pesticides. Periodic soaking and compacting of the soil during the weeks prior to experimentation was one method used to control variability among plots. However, it was inevitable that moisture conditions would vary particularly deeper into the profile due to the span of time required for the study (approximately 3 months). Wetting the plots prior to pesticide application (Day 1) was intended to minimize the variance in moisture by establishing similar antecedent moisture contents. The intensity and duration of the artificial rain was also a variable to consider in this experimental design however, both of these were well controlled and similar for all events. As stated earlier, the only difference between the two rain treatments was the prevention of runoff during the soak event of rain treatment 2. The soak was intended to promote pesticide adsorption to the soil and infiltration into the unsaturated zone, thereby reducing the pesticide in runoff. Results of soil samples collected prior to each rain event were used to calculate volumetric soil moisture, degree of saturation, porosity and bulk density. The rain event means of these parameters were calculated and used to determine if a rain effect [i.e., a significant difference ( p < 0.05)] existed between treatments or events. Over the 4-day span of each experiment, soil moisture remained elevated due to the repeated wetting. Mean volumetric soil moisture, saturation, and bulk density values increased on day 2 of both rain treatments while mean porosity decreased. These values exhibited significant differences at the 95% confidence level. However, the extent of the difference between the means is often a more realistic approach to determining significance (Utts, 1999). The Kline–McClintock Theorem was used to calculate uncertainty values associated with measured soil parameters, which were large enough to create overlap in the means of each rain event. This uncertainty, as well as soil heterogeneity and the minimal influence that small changes would have on soil properties, calls into question the practical significance of these mean initial differences. A conclusive statement cannot be made that a rain effect occurred among the days. Consequently, similar soil conditions were assumed between all plots, events, and the two rain treatments in this study. 4.2. Hydrologic parameters—post rain events A number of hydrologic parameters such as total depth of rain applied, rain depth prior to runoff, amount of infiltration, ratio of the runoff to the rain applied, and the hydrologic curve number, can directly influence the amount of pesticide transported in runoff. Duration of rain application was investigated as a possible influence (i.e., treatment effect) on all of these calculated parameters because rain event termination depended upon the time required to reach peak runoff. The length of rain events in this study was similar with a mean of 154 min (standard deviation = 16.4 min). An analysis of covariance (ANCOVA) run at the 95% confidence
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Fig. 1. Diazinon mean chemigraphs and corresponding mean hydrographs for each rain event replication (three replications).



level confirmed that no treatment effect was present for the duration of rain application. No significant differences were detected for the mean total depth of rain applied, the ratio of runoff to rain applied, or the curve numbers among the rain events. However, the mean infiltration value for the soak event was significantly higher than the other rain events because runoff was not permitted. An uncertainty of ()17 mm in the infiltration values, again calculated using the Kline–McClintock Theorem, was not large enough to change the significant difference detected. Mean rainfall depths prior to runoff were statistically less for both rain treatments compared to rinse 1. These differences, however, were in fractions of millimeters and not large enough to be practical in this context. A significant difference between the day 2 runoff depths was also detected. This difference was the result of a low valued outlier in the runoff depth of a post-soak event. With the outlier removed, no significant differences in runoff depth were detected. Overall, the hydrologic parameters showed minimal variance between rain events and rain treatments, therefore the parameters were assumed the same for the purposes of this study.



4.3. Chemical runoff parameters Figs. 1 and 2 present mean chemical and hydrologic runoff patterns of replicated rain events for diazinon and esfenvalerate, respectively. The concentration of diazinon detected in runoff samples was in the mg L 1 range, while the concentration of esfenvalerate detected in runoff samples was in the mg L 1 range. These different scales of concentration are results of the primary differences between these two pesticides. Diazinon has a more concentrated application as a result of its lower efficacy as well as a higher mobility rate in runoff. The figures indicate similar hydrologic runoff rates among rain events, which supports the former inference that hydrologic parameters and soil conditions were not significantly different between the plots. The driving forces behind pesticide runoff are the specific pesticide characteristics. Among the three consecutive simulated rain events (rinse 1, rinse 2, and post-soak) rinse 1 had the highest concentrations of pesticide in the runoff for both diazinon and esfenvalerate. This was in agreement with previous research by Leonard et al. (1992), who showed that the



Fig. 2. Esfenvalerate mean chemigraphs and corresponding mean hydrographs for each rain event replication (three replications).
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Table 1 Meana chemical runoff parameters during each rain event for the two pesticides diazinon and esfenvalerate



Diazinon Rain treatment 1 Rain treatment 2 Esfenvalerate Rain treatment 1 Rain treatment 2



Day



Rain event



Csb (mg L 1)



Ms (mg)



Mt (g ha 1)



P (mg L 1)



Grab sample (mg L 1)



Loss (%)



1 2



Rinse 1 Rinse 2



33.6 6.7



12489 2285



27.8 5.1



203 a c 38 b



145 92



3.5 0.7



1 2



Soak Post-soak



0 10.1



0 2293



0 6.5



0 34 b



0 188



0 0.7



1 2



Rinse 1 Rinse 2



0.1 0.1



38.7 26.2



0.1 0.1



1.30 0.5



0.2 0.1



0.4 0.3



1 2



Soak Post-soak



0 0.1



0 22.1



0 0.1



0 0.3



0 0.1



0 0.1



a



All means were calculated from three replications. Cs is the flow-weighted mean concentration in runoff samples, Ms the flow weighted mean mass in the samples, Mt the total mass transport, P the peak concentration, and Loss is the loss proportion. c Within-column means of a pesticide group followed by the same letter are not significantly different ( p > 0.05). b



greatest pesticide losses usually occur in the first rain event after application. For the three simulated rain events: rinse 1, rinse 2, and post-soak, the first hour pesticide loads composed the greatest percentage of the load for the entire duration of the experiments with 84%, 75%, and 60%, respectively. An ANOVA performed only on the first hour data produced outcomes similar to the results for the entire duration of the experiment, Table 1. Therefore, the first hour data was not analyzed separately in any further detail. Among the chemical parameters analyzed [calculated FWMC from the collected runoff samples (Cs), total flowweighted mean mass (Ms), total mass transport (Mt), peak concentration (P), and loss proportion (Loss)] the only significant difference detected ( p < 0.05) was in the peak runoff concentrations for diazinon between rinse 1 and rinse 2 (203 mg L 1 and 38 mg L 1, respectively) and between rinse 1 and post-soak (203 mg L 1 and 34 mg L 1, respectively), Table 1. The detection of this significant difference is attributed to the aforementioned first hour diazinon losses. Diazinon has a tendency of high mobility in water thus the majority of the pesticide was likely lost from the plots during the first hour of rinse 1. The mean first hour decrease in rinse 1 diazinon pesticide concentration is shown in Fig. 1. After the first hour, the concentration appears to become more constant and closer in concentration to the rinse 2 and post-soak events. In this study, soaking was anticipated to enhance both diazinon sorption to the soil and diazinon infiltration into the unsaturated zone thereby reducing runoff concentrations in post-soak events. This appears to be the case with the significant difference detected between peak concentrations of rinse 1 and the post-soak because rinse 2 and post-soak had comparable peak runoff concentrations of 34 mg L 1 and 38 mg L 1, respectively. The data shown in Table 1 suggests further that the soak event reduced the pesticide load in runoff during the post-soak event. The reduction due to soaking could be estimated as what was found in the runoff from rinse 1, for example: the



flow weighted mean mass, Ms, of diazinon for rinse 1 and rinse 2 was 12,489 mg and 2285 mg, respectively. The amount of diazinon detected in the post-soak was similar to the amount in rinse 2 at 2293 mg suggesting that the difference in amount between rinse 1 and rinse 2 of approximately 10,000 mg was sorbed to the soil or had infiltrated the unsaturated zone during the soak event and remained within the plot rather than being transported in runoff during the post-soak. Similarly, for esfenvalerate, the Ms value of the post-soak was comparable to that of rinse 2. The Ms values for esfenvalerate were 38.7 mg, 26.2 mg, and 22.1 mg for rinse 1, rinse 2, and postsoak, respectively, which infers that the soak event reduced the amount of esfenvalerate in runoff. Had the sample size of this study been larger, more statistical differences would likely appear. The small sample size combined with the similar initial conditions and surface hydrology creates the need for a large rain effect in order to detect significant differences of chemical runoff parameters between rain treatments and among rain events. Due to the small sample size, significant differences were lacking, however a distinct difference in Loss of diazinon occurred compared to esfenvalerate. Loss is defined as the fraction of applied pesticide transported off-site from the pesticide sprayed plots. The Loss of diazinon from the plots during rinse 1 was 8.5 times greater than that from the esfenvalerate plots (3.5% for diazinon and 0.4% for esfenvalerate). Depending on the rain treatment, diazinon lost 2 g ha 1 to 45 g ha 1 of pesticide, or 0.5–5% of the pesticide applied. Esfenvalerate Loss was an order of magnitude lower at 0 g ha 1 to 0.2 g ha 1, or a maximum of 0.6% of the pesticide applied. After runoff ceased in each experiment, samples were taken from the total runoff in the retention tank to validate calculations of Cs. These grab samples were intended to represent the FWMC in runoff, which theoretically should be similar to the calculated Cs values of runoff samples collected during the experiment, Table 1. The esfenvalerate
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grab sample showed similar concentrations, however, the diazinon grab sample measurements showed consistently higher concentrations, a possible cause for this discrepancy could have been the desorption of diazinon from the sediment which accumulated in the tank during the experiment. This emphasizes the importance for including sediment bound pesticide loads in stormwater runoff and their desorption potential in models simulating off-site movement of pesticides. 4.4. Pesticide toxicity comparison Measuring the pesticide mass and/or concentration found in agricultural runoff water does not necessarily convey the environmental impact that the contamination has on receiving waters. To allow for a comparison of runoff toxicity, pesticide concentrations were converted to toxicity units (TU) using LC50s for the fathead minnow and Sacramento splittail (LC50 values for the fathead minnow and Sacramento splittail were listed previously) and the waterflea (LC50 diazinon = 0.4 mg L 1, LC50 esfenvalerate = 0.28 mg L 1). Similar to the Pesticide Toxicity Index (PTI) developed by the U.S. Geological Survey’s National Water-Quality Assessment (NAWQA) program (Munn and Gilliom, 2001), a TU incorporates relative toxicities using a ratio of concentration to toxicity. The TU ranks individual samples based on a pesticide’s toxicity for a specific organism (i.e., 1 TU = 96-h LC50 for that organism, 2 TU = 2-fold increase in the toxicity of the 96-h LC50, etc.). However, the PTI, which was developed to rank samples from streams that contain numerous pesticides, is defined as the sum of the toxicity quotients (or the sum of many pesticide concentrations) divided by a median standard bioassay endpoint for a taxonomic group of organisms (i.e., median LC50 values). The TU and the PTI methods are similar in that neither is a direct measure of toxicity to biological communities, yet both are useful for ‘‘weighing and aggregating pesticide concentrations in a biologically relevant manner,’’ (Munn and Gilliom, 2001).



Numerous limitations exist when approaching an analysis based on calculated values such as the TU. The limitations also prevent relative toxicity calculations from being extrapolated to real world scenarios. Variables such as dilution of pesticides, duration of exposure, pesticide bioavailability, and temperature are not incorporated into the ranking analysis, but profoundly influence the actual toxicity of pesticides to which organisms are exposed in the receiving waters. If the level of dilution of stormwater runoff upon entering a surface water body is unknown, toxicity to an organism cannot be determined. Exposure duration is another key factor determining the level of toxicity. TU are based on the continuous exposure of an organism to the LC50 concentration for 96 h. In reality, dilution of the pesticide contaminated runoff water occurs upon entrance into a waterway; thus the resulting concentration and corresponding TU value are reduced. In a stream with variable flow, pesticide concentrations may continue to change throughout the runoff event, and the actual exposure concentration for a given organism may vary considerably. The duration of exposure is an important factor affecting the actual toxicity of a specific chemical. However, little known chronic and sublethal effects of pesticides may be underestimated by TU. For example, a study conducted by Teh et al. (2004) found that acute exposure of Sacramento splittail larvae to orchard storm runoff caused no significant mortality within 96 h, but skeletal deformities and slower growth rates were later detected in surviving fish. Sublethal effects of pesticides can severely impact reproductive success (Moore and Waring, 2001) and behavior (Little et al., 1990; Scholz et al., 2000) of aquatic organisms. Bioavailability is important in determining the toxicity of pesticides to aquatic organisms. Many environmental factors including particulates, dissolved organic carbon, temperature, and water pH affect the bioavailability and thus the resulting toxicity of a pesticide, particularly those with a high Koc value such as esfenvalerate. Temperature also affects the diazinon and esfenvalerate in opposite ways (Werner et al., 2002). With decreasing temperature,



Fig. 3. Diazinon toxicity units (TU) for the waterflea (C. dubia), fathead minnow (P. promelas), and the Sacramento splittail (P. macrolepidotus) in the runoff during each rain event.
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Fig. 4. Esfenvalerate toxicity units (TU) for the waterflea (C. dubia), fathead minnow (P. promelas), and the Sacramento splittail (P. macrolepidotus) in the runoff during each rain event.



esfenvalerate toxicity increases while diazinon toxicity decreases. Both the waterflea and the fish TUs were calculated based on LC50s derived from bioassays conducted at 20–25 8C. This means that TUs underestimate esfenvalerate toxicity in orchard runoff, which occurs during winter months when air and water temperatures are typically 10–15 8C. At the same time TUs overestimate diazinon toxicity due to temperature-dependent changes in toxicity. Nevertheless, relative toxicities such as the TU represented in this study, provide a basis for comparing the toxicities of pesticides to aquatic organisms. The amount of toxicity in runoff from the plots varied throughout the duration of the experiments. The ranges of the diazinon TU calculated for the waterflea convey the organism’s high sensitivity to that pesticide (rinse 1 = 10– 500 TU, rinse 2 = 6–80 TU, and post-soak = 9–70 TU) compared to the fish species, which both remained fractional and peaked around 3–4 TU. The diazinon TU values for all three species are graphically presented in Fig. 3. The lowest diazinon TU failed to fall below the 96-h LC50 level (TU = 1) for waterflea during any rain event. In other words, diazinon concentrations consistently exceeded the concentration that kills half the population of waterfleas. In contrast, the ranges of TU in the diazinon runoff that were calculated for the fathead minnow and the Sacramento splittail remained below 0.5 during all rain events. There was a substantial difference between diazinon and esfenvalerate waterflea TU in the runoff with diazinon toxicity being 10fold greater. The esfenvalerate TU values for all three species are graphically presented in Fig. 4. For example, during rinse 1, esfenvalerate runoff was calculated to contain a maximum of approximately 5 waterflea TU while diazinon runoff was calculated to contain a maximum of 500 waterflea TU. The waterflea TU calculated in the esfenvalerate runoff dropped below 1 TU (i.e., the 96-h LC50 concentration) within 40 min while waterflea TU calculated in the diazinon runoff dropped only to



approximately 50 TU and remained there throughout the rain event. For both fish species, runoff toxicity was similar for the two pesticides, with lower TU calculated in the diazinon runoff. The peak runoff concentration of esfenvalerate was calculated to contain more fish TU than the peak diazinon runoff. This outcome is supported by other studies that have shown pyrethroids are several orders of magnitude more toxic to fish than the organophosphate pesticides they are replacing (Oros and Werner, 2005). The switch to esfenvalerate in orchard treatments may impose greater risks to fish larvae. The flow-weighted average TU for both pesticides for each organism during the rain events was calculated in Table 2 Flow-weighted average toxic units (TU) of diazinon and esfenvalerate to the three test organisms, the waterflea (C. dubia), the fathead minnow (P. promelas), and the Sacramento splittail (P. macrolepidotus), in runoff from 4.5 m2 micro-plots during different rain event Organism



Waterflea Rain treatment 1 Rain treatment 2 Fathead minnow Rain treatment 1 Rain treatment 2 Sacramento splittail Rain treatment 1 Rain treatment 2



Day



Rain event



Diazinon flow-wt. average TU



Esfenvalerate flow-wt. average TU



1 2



Rinse 1 Rinse 2



86 15



0.4 0.2



1 2



Soak Post-soak



0.0 44



0.0 0.2



1 2



Rinse 1 Rinse 2



0.0 0.0



0.5 0.3



1 2



Soak Post-soak



0.0 0.0



0.0 0.2



1 2



Rinse 1 Rinse 2



0.0 0.0



0.3 0.1



1 2



Soak Post-soak



0.0 0.0



0.0 0.1
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Table 3 Meana flow-weighted toxic unit (TU) of diazinon and esfenvalerate during each rain event Day



Rain event



Diazinon TUa



Esfenvalerate TU



Rain treatment 1



1 2



Rinse 1 Rinse 2



86 a b 15 a



0.37 a 0.21 a



Rain treatment 2



1 2



Soak Post-soak



0.0 44 a



0.0 0.19 b



a Diazinon TU represent only those to the waterflea (C. dubia), esfenvalerate TU represent the mean of all three test organisms, the waterflea, the fathead minnow (P. promelas) and the Sacramento splittail (P. macrolepidotus). b Values within a column followed by the same letter are not significantly different ( p > 0.05).



order to estimate a theoretical toxicity of the pesticide load that might enter receiving waters from the 4.5 m2 orchard, Table 2. This value is an indicator of the average toxicity of the runoff water over the approximate 2.5 h runoff event. The largest flow-weighted average TU during all experiments resulted from diazinon toxicity to the waterflea. In this study, diazinon runoff during rinse 1 was calculated to contain a sample-weighted average of 86 waterflea TU. In order to dilute this runoff water to a non-toxic concentration, the receiving water body must be flowing at a rate greater than 86 times that of the runoff water. The waterflea’s sensitivity to pesticide runoff is representative of other aquatic invertebrates. For example, the LC50 values for non-biting midges, i.e., Daphnia magna, Gammarus fasciatu, and Chironomus tentans are 0.21 mg L 1 (Mitchell, 1985), 0.20 mg L 1 (Johnson and Finley, 1980), and 0.03 mg L 1 (Morgan, 1976), respectively. A prediction of this study was that esfenvalerate would produce less mass transport due to its hydrophobic and sorption properties, yet the high toxicity of the pesticide in the water column would counteract the benefits of this lower mass. Contrary to this hypothesis, the average flow-weighted esfenvalerate TU for all three organisms were well below the 96-h LC50 values (TU = 1). The chemical properties of esfenvalerate may have influenced this outcome. This study only measured the dissolved phases of each pesticide and with esfenvalerate having an affinity to sorb not only to soil organic matter, but most surfaces including sample containers and analytical equipment; this may have reduced the detected concentrations of esfenvalerate in the water column despite efforts during analyses to minimize these influences. An increase of pesticide infiltration into the soil by a soak treatment following pesticide application may reduce toxicity of rain runoff from orchards by approximately 50%. While mean flow-weighted TU values for diazinon for each rain simulation experiment showed merely a trend towards reduced toxicity in the post-soak event, mean flowweighted TU values for esfenvalerate were significantly



reduced in the post-soak event Table 3. The reduction is most apparent when observing the initial peaks among the three rain events. For example, the largest peak, resulting from rinse 1 (diazinon TU to the waterflea) exposed the organisms to approximately 500 TU. The TU values were then reduced to approximately 75 for both rinse 2 and post-soak. This suggests that the reduction in TU achieved from soaking the soil is due to plot retention of pesticide that would otherwise be released during rinse 1. In summary, peak TU values occurred with the onset of hydrologic runoff and dropped to a quasi-constant level within the first hour, corresponding to an average quasisteady hydrologic flow. The time required for TU to drop to a constant rate was longer for rinse 1 than rinse 2 and the postsoak. While rinse 1 required approximately 40–60 min to reach steady TU values, rinse 2 and the post-soak required approximately 20 min. The occurrence of peak toxicity at the beginning of the runoff experiments suggests that the impact on aquatic organisms is strongest during the first hour of runoff. Measures to increase water infiltration into the soil during the first hour of a rain event could therefore lead to large reductions in toxicity associated with stormwater runoff. This could be accomplished through irrigation with no tail water or low-profile under-tree sprinklers.



5. Conclusions The objectives of this study were to quantify diazinon and esfenvalerate runoff from orchard micro-plots and to evaluate the pesticide impact on water quality based on runoff patterns and toxicity to three model aquatic species. Under similar conditions, the mass transport of esfenvalerate was less than that of diazinon. More specifically the loss proportion of diazinon from the runoff plots was approximately 8.5 times greater than that of esfenvalerate. Allowing the pesticide to adsorb to the soil or infiltrate into the unsaturated zone through soaking reduced the mass transport and toxicity of both diazinon and esfenvalerate in runoff. Runoff containing esfenvalerate was substantially less toxic than diazinon to the waterflea, but slightly more toxic to the fathead minnow and Sacramento splittail. Maximum toxicity occurred during the first hour of the rain event 24 h after pesticide application. Further research should be conducted to explore the ultimate finding of this study that esfenvalerate may be a desirable alternative to diazinon in terms of mitigating aquatic toxicity. Research should also focus on the realm of the sediment-bound phase of esfenvalerate and the effects this has on hydrologic ecosystems.
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