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 Ecological Risk Assessment of Pesticide Runoff from Grass Surfaces DOUGLAS A. HAITH* Biological and Environmental Engineering, Cornell University, Ithaca, New York 14853
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 An ecological risk assessment was performed for runoff of 37 pesticides registered for use on grass surfaces (lawns and golf courses) in the U.S. The assessment was based on 100yr simulations using TPQPond, a newly developed model of pesticide runoff and subsequent accumulation in a receiving pond. One-in-10 yr pond concentrations were compared with acute toxicity end points for fish, invertebrates, and algae. Simulations were performed for pesticides applied at label rates on lawns, fairways, and greens using weather data for nine U.S. locations. Runoff of 4 of the 37 pesticides produced potential acute risk to invertebrates or fish. Two chemicals posed a comparable danger to plants. Risk was highest with fairways and lowest for greens. Locations with long growing seasons and large amounts of precipitation produced the highest risks. The risk assessment followed the general protocols recommended by USEPA, but with different models, weather data, and scenarios. In spite of the differences, the results confirmed that most but not all of the pesticides which had survived the USEPA registration process were also demonstrated safe, with respect to acute risks, by this independent assessment. The five exceptions were explained by differences in models, simulation scenarios, and input data. These results do not mean that the studied pesticides are free of any ecological dangers. In particular, no attempt was made to evaluate chronic risk.
 
 Introduction Pesticides used on turfgrass areas such as lawns and golf courses are potential threats to surface waters. Application rates can be 3 to 8 times greater on grass than on agricultural crops (1), and monitoring studies have detected levels of turf pesticides in surface waters that exceed water quality guidelines or maximum concentrations for protection of aquatic species (2, 3). However, studies of ecological impacts of turf pesticides are relatively limited. Winter et al. (4) sampled streams flowing through golf courses and observed marked differences in the overall macroinvertebrate community compared with forest streams. Pedersen et al. (5) measured pesticide runoff from residential areas and developed a total exposure equivalency (TEE) parameter based on concentrations of six pesticides. Based on comparisons with LC50 values, 73% of the runoff samples were potentially toxic to a reference macroinvertebrate. Haith and Rossi (6) modeled runoff concentrations for 15 pesticides applied to golf courses at three locations. Concentrations of several * Corresponding author e-mail: [email protected]. 6496
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 chemicals in 1-in-10 yr or 1-in-20 yr runoff events often approached or exceeded the LC50 for reference organisms. However, these studies were of limited scope in that they did not evaluate risk for a wide range of pesticides, locations, or surface conditions. There is a need for a comprehensive risk assessment of pesticide use on lawns and golf courses. Such a study would ideally include a full range of possible turf pesticides, surface conditions, and weather. It would permit comparisons of pesticides to identify those with least harmful impacts and also determine the surface conditions and locations that are most conducive to environmental and health hazards. To some extent, this would duplicate the risk assessments conducted by the U.S. Environmental Protection Agency’s Office of Pesticide Programs as part of the registration procedure required for any pesticide used in the U.S. However, the USEPA’s risk assessments are generally not available as comparative evaluations of chemicals and locations. Also, the Agency’s assessments are predicated on several specific models, and given the uncertainties inherent in fate and transport modeling, there is value in assessments based on different models. The purpose of the study described in this paper was to develop and demonstrate a general modeling approach for aquatic ecological risk assessment of pesticides applied to grass surfaces and to apply the approach to a nation-wide evaluation of acute aquatic risk of pesticides registered for use on these surfaces. The work followed general protocols developed by USEPA (7, 8) with the USEPA models for pesticide runoff (PRZM-3) and receiving waters (EXAMS-II) replaced with a single integrated model developed by the author. Succeeding portions of this paper describe the model and data used in the assessment and provide results for 37 turf pesticides applied to three types of grass surfaces in nine U.S. locations.
 
 Methods Overview. The general procedure used by USEPA for ecological risk assessment of a pesticide assumes uniform applications of the chemical over a 10-ha area. Runoff drains into a pond with 2-m depth and 1-ha surface area. In cases where preliminary screening indicates toxic impacts, pesticide runoff is modeled using the PRZM-3 model, and the EXAMS-II model is used to simulate impacts of the runoff and any spray drift loads on the pond. Simulations are conducted using 36 years of daily weather data, and the resulting dissolved concentrations of pesticide in the pond are used to determine maximum annual values, which are summarized as 1-in-10 yr extremes. Risk quotients (RQ) are calculated as ratios of the extreme value concentrations and toxicity end points for aquatic animals and plants. End points are LC50, the lethal concentration to 50% of a tested population, or EC50, the concentration causing a particular toxic effect (immobilization in invertebrates, growth inhibition in plants) in 50% of the tested population. Values of RQ between 0.1 and 0.5 indicate potential risk for aquatic animals which may be mitigated by restricted use classification. Values exceeding 0.5 may require regulatory action in addition to restricted use. For aquatic plants, RQ > 1.0 indicates potential risk (7). The risk assessment approach used in this study follows the general structure of the USEPA methods with several exceptions. In particular, the PRZM-3 and EXAMS-II models are replaced with a single integrated model TPQPond, which combines TurfPQ, a previously developed model for runoff of turf pesticides, with a mass balance model of a well-mixed 10.1021/es101636y
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 pond. The pond component in TPQPond has several advantages over EXAMS-II in that it includes ice formation and variable volumes, important hydrologic phenomena, particular in colder regions. Another advantage of TPQPond over the PRZM-3 and EXAMS-II combination is the relatively small amount of required input data, thus facilitating multiple simulations for a variety of chemicals, sites, and conditions. Users’ manual and software for TPQPond are available from the author. TPQPond: Turf Surfaces Component. The TurfPQ model (9) is incorporated into TPQPond to simulate daily water and pesticide runoff from the grassed surface. Runoff volume is determined through a modified curve number equation. Pesticide in turf foliage and thatch is partitioned into adsorbed and dissolved components which are assumed to be decayed in a first order biodegradation process. In addition to decay, pesticide is removed from the system by runoff or leaching into the soil. Volatilization losses are neglected because they are generally small for turf pesticides. For example, in their study of pesticide volatilization from golf courses, Murphy and Haith (10) estimated mean losses of less than 0.5% at three locations. In addition to daily precipitation and temperatures and pesticide application rates and timing, the model requires four input parameters - biodegradation halflife, organic carbon partition coefficient, runoff curve number, and organic carbon content of the turf. The first two of these parameters are generally available from pesticide databases and procedures for estimating the latter two are described in refs 11 and 9. In a validation study of 52 runoff events in four states involving 6 pesticides, TurfPQ explained 65% of the observed variation in pesticide runoff. Mean predicted pesticide runoff was 2.9% of application, compared to a mean observation of 2.1% (9, 12). TPQPond: Pond Component. The pond model is based on the layout shown in Figure S1 of the Supporting Information. Runoff flows into a pond with vertical sides. Additional water may enter naturally through rain, snowfall, or snowmelt. In addition, water may be added artificially to maintain a minimum pond volume. Water leaves the pond through overflow or evaporation. During colder periods, an ice layer may form on the pond surface and snow may accumulate on the ice. Water Balance. Pond volume varies daily, as described by Vt ) VWt + Wpt - Ot
 
 (1)
 
 VWt ) Vt-1 + 0.001 AwQt + 0.001 Ap(∆Wt - Et)
 
 (2)
 
 In these equations, Vt ) pond water volume (liquid water + ice) remaining at the end of day t (m3); VWt ) total water supply for the pond during day t (m3); Wpt ) water pumped into the pond during day t to maintain minimum volume (m3); Ot ) pond overflow on day t (m3); Aw ) watershed area or area of grassed surface (m2); Qt ) watershed runoff on day t (mm); Ap ) pond area (m2); ∆Wt ) water addition from precipitation sources (mm); and Et ) evaporation on day t (mm). Watershed runoff is computed by the TurfPQ component of the model. Precipitation additions are ∆Wt
 
 ) Rt + PMt for ht > 0 ) Prt + PSt-1 for ht ) 0
 
 (3)
 
 where Rt, PMt, and Prt ) rainfall, snowmelt, and total precipitation, respectively on day t (mm of water); PSt ) accumulated snow on the pond ice at the end of day t (mm of water); and ht ) ice thickness at the end of day t (mm). Equation 3 indicates that in the absence of ice cover (ht ) 0), any accumulated or new snow would melt in the pond water. Snow accumulation and melt equations are taken from
 
 the comparable TurfPQ calculations as described in ref 6, which were in turn based on the GWLF watershed model (13). Evaporation is determined using the Hamon equation (14) Et )
 
 0.21D2t et Tt + 273
 
 (4)
 
 with Dt ) the daylight hours per day during the month containing day t; et ) saturated water vapor pressure on day t (mb); and Tt is the air temperature on day t (°C). When Tt e 0, or the pond is ice covered, Et is set to zero. Overflow and water additions from pumping to achieve minimum pond volume are determined from the total water supply VWt. Thus, if supply exceeds pond capacity Vmax (m3), overflow occurs Ot ) Max[0, VWt - Vmax]
 
 (5)
 
 Conversely, if the minimum volume Vmin (m3), cannot be maintained, and the pond is not ice-covered, water is pumped in to raise the volume to Vmin Wpt ) Max[0;Vmin - VWt] for ht ) 0 for ht > 0 )0
 
 (6)
 
 Ice formation is modeled as ht ) Min[1000Ht-1, 10.5(AFDDt)1/2] for AFDDt > 0
 
 (7)
 
 with AFDDt ) accumulated freezing degree days (°C-d); and Ht ) pond depth (m) at end of day t ) Vt/Ap. The degree-day formulation in eq 7 is taken from ref 15, with the constant term (10.5 mm °C0.5d0.5) selected as the midrange of suggestions for a ‘sheltered small river’. This is consistent with Marsalek et al.’s determination of 12.4 mm °C0.5d0.5 for an Ontario pond (16). The AFDDt are calculated starting with the beginning of winter and include temperatures both above (negative degree days) and below (positive degree days) freezing. Pesticide Balance. Pond pesticide is distributed into dissolved and adsorbed forms and is assumed well-mixed at any time. The only pesticide input is runoff from the adjoining grassed watershed. Losses are from pond overflow and biodegradation. Daily mass balance is given by PVt ) e-RPVt-1 + 0.0001Aw PQt - POt
 
 (8)
 
 in which, PVt ) pesticide in pond at end of day t (g); PQt ) pesticide runoff during day t (g/ha); POt ) pesticide in pond overflow during day t (g); and R ) first order biodegradation decay rate for the pesticide in pond water and sediment (d-1). Pesticide overflow is POt ) (Ot/Vmt)(e-RPVt-1 + 0.0001 Aw PQt)
 
 (9)
 
 Vmt ) Vt + Ot - 0.001 Apht
 
 (10)
 
 In these equations, Vmt ) mixing water in day t (m3). It is assumed that pesticide is uniformly mixed in the pond and overflow water but not in ice. Thus, in eq 9, the fraction of pesticide which is lost in overflow is just the fraction of mixing water which becomes overflow. The ice assumption, which could produce conservative overestimation of concentrations, was due to uncertainty over the modeling of pesticide distribution between ice and water. Pesticide is partitioned into adsorbed and dissolved forms as PVt ) atSS Vmt10-6 + dtVmt VOL. 44, NO. 16, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
 
 (11)
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 TABLE 1. Characteristics of Turf Pesticidesa half-life (d) 3
 
 lawn applications
 
 fairway applications
 
 pesticide
 
 soil
 
 water/sediment
 
 Koc (cm /g)
 
 rate (g/ha)
 
 #/yr
 
 rate (g/ha)
 
 Herbicides 24-D benefin bispyribac-sodium carfentrazone-ethyl clopyralid dithiopyr fluroxypyr isoxaben MCPA mecoprop-p oryzalin oxadiazon pendimethalin penoxsulam prodiamine rimsulfuron sulfentrazone sulfosulfuron triclopyr trifluralin
 
 10 40 13 0.5 34 39 3 105 15 8 20 135 90 32 120 24.3 541 24 39 181
 
 29 1 35 0.4
 
 1650 1260
 
 2 1
 
 60
 
 3
 
 430 260 840 800 230 1400 3360 2250 40 1210
 
 1 2 1 2 2 1 1 1 2 1
 
 26 29 6
 
 56 10777 302 866 5 801 66 601 74 31 949 1294 15744 94 12710 47 43 33 48 8765
 
 280 70 840 1260
 
 3 2 3 1
 
 1650 1260 110 60 140 430 260 840 800 230 1400 3360 2250 40 1210 30 280 70 840 1260
 
 Fungicides chlorothalonil cyazofamid fluopicolide iprodione mancozeb metconazole myclobutanil propamocarb-hydCl thiophanate-methyl
 
 22 10 271 84 0.1 84 306 39.3 0.6
 
 0.1 14 777 30 76 465 626 17 2
 
 850 1780 321 373 998 1116 517 535 207
 
 860 240
 
 2 2
 
 18300 480 770 2370 2900
 
 Insecticides acephate bifenthrin chlorantraniliprole clothianidin halofenozide imidacloprid indoxacarb permethrin
 
 3 26 210 545 219 191 17 13
 
 2 236610 328 160 250 225 6450 100000
 
 140 190 220 1130 450 150 730
 
 a
 
 25 17 17 50 33 113 16 6
 
 251 56 129 6 40
 
 2 1 3 3 2 1 2 1 2 2 1 1 1 2 1 3 3 2 3 1
 
 rate (g/ha)
 
 #/yr
 
 1650
 
 2
 
 60
 
 3
 
 260
 
 2
 
 1400
 
 1
 
 2250
 
 1
 
 30
 
 3
 
 2 2 2 2 2
 
 11200 860 240 2170 18300 480 1080 2370 1450
 
 3 3-4 2 5 5-13 5 3-7 2 4
 
 11200 860 240 2170 18300 480 1080 2370 2900
 
 5-9 3-4 2 5 5-13 5 3-7 2 5-10
 
 1 1 1 1 1 1 1
 
 3030 140 190 220 1130 450 150 730
 
 4-6 2 3 2 2 1 4-6 3
 
 3030 140 190 220 1130 450 150 730
 
 4-6 2 3 2 2 1 4-6 3
 
 Sources: Vance Publishing Corporation (17), University of Hertfordshire (18).
 
 where at ) adsorbed pesticide concentration on suspended solids at end of day t (mg/kg, µg/g); dt ) dissolved pesticide concentration in pond water at end of day t (mg/L); and SS ) suspended solids concentration in pond (mg/L). Assuming a linear partitioning at ) Kpdt
 
 (12)
 
 with Kp ) pesticide suspended solids partition coefficient (L/kg, cm3/g), and eqs 11 and 12 can be combined to determine dt. dt )
 
 PVt (Kp SS 10-6 + 1)Vmt
 
 (13)
 
 For the purposes of risk assessment, dt is the concentration which is compared with reference values such as LC50 to calculate a risk quotient RQ. The partition coefficient may be determined from Koc, the organic carbon partition coefficient for the pesticide (L/kg, cm3/g), and fsoc, the organic carbon fraction of pond suspended solids Kp ) fsoc Koc 6498
 
 #/yr
 
 green applications
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 (14)
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 Pesticides Information. Risk assessments were carried out for the 37 turf pesticides listed in Table 1. These are nearly all of the 40 pesticides registered for use on U.S. lawns and golf courses as of October, 2009 (17). The exceptions are phosphorus acid and potassium bicarbonate, two common chemicals used as fungicides, and Bacillus thuringiensis, a biological insecticide, none of which is consistent with the adsorption and degradation assumptions of the TurfPQ model. The three chemical properties required for the simulations, biodegradation half-lives for soil and water/ sediment and Koc, the organic carbon partition coefficient, are also listed in Table 1. Soil half-lives were used as approximations of the turf half-lives required by the pesticide runoff calculations, and the water/sediment halflives were used with the pond. Water/sediment values were not available for all pesticides, and in those cases soil values were used for both watershed and pond calculations. Mean values for soil and water/sediment half-lives were 136 and 96 d, respectively, so substitution of soil values for water/ sediment data probably produced higher pond concentrations than would have otherwise resulted if the missing values were available. All values were taken from the Pesticide Properties Database developed by the University of Hertfordshire (18).
 
 TABLE 2. Locations and Weather Characteristicsa
 
 location Albany, NY Atlanta, GA Bismarck, ND Columbus, OH Fresno, CA Houston, TX Madison, WI Olympia, WA Roswell, NM a
 
 mean annual mean annual growing temperature season precipitation (°C) (mm) 9 16 5 11 17 20 7 10 16
 
 441 696 273 554 135 917 443 344 264
 
 TABLE 3. Acute Toxicity End Points for Ecological Risk Assessment of Turf Pesticidesa growing season May-Sept Apr-Oct May-Oct May-Oct Mar-Nov Mar-Nov May-Sept May-Oct Apr-Oct
 
 Source: Haith and Duffany (20).
 
 Application rates and timing for the simulations were based on label directions (17). The median, or midrange label value, was selected for application rate and converted to g/ha of active ingredients as given in Table 1. In many cases, the label did not permit application to one or more of the three surfaces (lawns, greens, fairways). Application timing, or frequency of applications, was limited by application intervals and annual or seasonal limits specified by the labels. Fungicide and insecticide applications were less frequent for lawns than golf courses, as indicated by USEPA (19). Application timing is summarized in Table 1 as the number of applications for each chemical. The more frequent applications were used in locations with the longest growing seasons. In general, a prophylactic schedule of applications at regular intervals to control multiple pests was assumed as described in ref 20. Risk Assessment Scenarios. Surfaces, Locations, Weather. Surfaces and locations were those used by Haith and Duffany (20) in their pesticide runoff study and consisted of three different grass surfaces (lawns, golf fairways, and golf greens) and nine geographic locations. The locations, which are given in Table 2, were chosen to reflect a wide variation in U.S. climate conditions, as reflected by National Climatic Data Center climatic regions, National Arbor Day Foundation’s plant hardiness zones, and median freeze/frost dates. The USCLIMATE software package (21) was used to generate 100yr daily weather records for each of the nine locations. Precipitation amounts were supplemented by irrigation as described in ref 20. Watershed and Pond Characteristics. The USEPA specification of pesticide application to a 10-ha watershed draining into a 2-m deep pond with 1-ha surface area is plausible for lawns and golf fairways. However, the mean golf green area in the U.S. is only 1.2 ha (22), so a 1-ha watershed is a more appropriate greens’ area, with an associated 0.1-ha, 2-m deep pond. This results in pond capacities of 20,000 m3 for lawns and fairways and 2000 m3 for greens. The TPQPond model permits specification of a minimum pond volume for decorative or habitat purposes, and a value of 50% of pond capacity was used. Additional pond data required for the simulations were pond suspended solids (SS) and the organic carbon content of the suspended solids (fsoc). Values suggested by Office of Pesticide Programs for use in their index reservoir approach to drinking water risk assessment, SS ) 30 mg/L and fsoc ) 0.04, were used (23). Toxicity End Points. Aquatic risk assessments typically consider impacts of a chemical on fish, invertebrates, and plants (including algae). The Pesticide Properties Database (18) provides acute toxicities for each of these organisms in the form of LC50(96 h), EC50(48 h), and EC50(72 h) for fish, invertebrates, and algae, respectively. The numbers in parentheses (96 h, etc.) refer to the averaging period for concentration. Values listed in the database were the lowest literature values for the most sensitive species - rainbow trout
 
 pesticide
 
 invertebrates EC50(48 h) (mg/L)
 
 Herbicides 24-D benefin bispyribac-sodium carfentrazone-ethyl clopyralid dithiopyr fluroxypyr isoxaben MCPA mecoprop-p oryzalin oxadiazon pendimethalin penoxsulam prodiamine rimsulfuron sulfentrazone sulfosulfuron triclopyr trifluralin
 
 100 100 95 9.8 100 14 100 1.3 190 91 1.02 2.4 0.28 98.3 0.658 360 60.4 96 131 0.245
 
 100 0.081 95 1.6 100 0.36 14.3 0.87 50 100 3.54 1.2 0.138 100 0.829 390 94 91 117 0.088
 
 24.2 100 3.2 0.012 30.5 0.02 49.8 1.4 79.8 16.2 18.1 0.004 0.006 0.49 0.003 0.029 32.8 0.221 75.8 0.0122
 
 Fungicides chlorothalonil cyazofamid fluopicolide iprodione mancozeb metconazole myclobutanil propamocarb-hydCl thiophanate-methyl
 
 0.084 0.19 1.8 0.66 0.073 4.2 17 100 5.4
 
 0.038 0.56 0.36 3.7 0.074 2.1 2 99 11
 
 0.21 0.025 0.029 1.8 0.044 1.7 2.66 85 25.4
 
 Insecticides acephate bifenthrin chlorantraniliprole clothianidin halofenozide imidacloprid indoxacarb permethrin
 
 67.2 0.0016 0.0116 40 3.2 85.2 0.6 0.006
 
 110 0.00015 13.8 104.2 8.6 211 0.65 0.0125
 
 980 50 2.0 55 0.63 10 0.11 0.0125
 
 a
 
 fish LC50(96 h) (mg/L)
 
 algae EC50(72 h) (mg/L)
 
 Source: University of Hertfordshire (18).
 
 (Oncorhynchus mykiss), bluegill sunfish (Lepomis macrochirus), or zebra fish (Brachydanio rerio) for fish, water flea (Daphnia magna) for invertebrates, and generally Raphidocelis subcapitata or Pseudokirchneriella subcapitata for algae. These three acute toxicities were used as end points in the risk assessments and are listed in Table 3 for each pesticide. Calculations of Risk Quotients. Daily pesticide runoff and resulting pond concentrations were simulated using TPQPond for 100-yr periods with each chemical, grass surface, and location. Maximum 48-h and 96-h mean concentration were determined for each year, and 1-in-10 yr concentrations were estimated from the 100 annual values. These concentrations were divided by the associated end points LC50(96 h), EC50(48 h), and EC50(72 h) to obtain risk quotients for each organism. In the case of algae, EC50(72 h) values were conservatively compared with 48-h concentrations given the relatively high RQ value (1.0) indicative of potential risk.
 
 Results Evaluation of Pond Model. Although TurfPQ, the turf pesticide component of TPQPond, has been tested with field data (9, 12, 24), comparable testing of the TPQPond’s pond component has not been possible. However, an indirect test VOL. 44, NO. 16, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 TABLE 4. Comparison of 1-in-10 yr Pond Pesticides’ Concentrations Based on Simple Constant Volume Pond with Those Calculated by TPQPond: Herbicides on Madison Fairways
 
 pesticide
 
 pond half-life (d)
 
 1-in-10 yr maximum daily runoff (g/ha)
 
 24-D benefin bispyribac-sodium carfentrazone-ethyl clopyralid dithiopyr fluroxypyr isoxaben MCPA mecoprop-p oryzalin oxadiazon pendimethalin penoxsulam prodiamine rimsulfuron sulfentrazone sulfosulfuron triclopyr trifluralin
 
 29 1 35 0.4 34 39 25 17 17 50 33 113 16 32 120 6 541 26 29 6
 
 51.9 0.9 2.1 0.0 3.6 2.8 4.2 10.8 29.4 6.6 4.4 28.3 1.7 1.6 1.4 1.2 12.6 2.6 35.4 2.6
 
 1-in-10 yr maximum 24 h simple pond concentration (mg/L)
 
 1-in-10 yr maximum 48 h TPQPond concentration (mg/L)
 
 difference (%)
 
 0.0259 0.0004 0.0011 0.0000 0.0018 0.0014 0.0021 0.0054 0.0147 0.0033 0.0022 0.0141 0.0009 0.0008 0.0007 0.0006 0.0063 0.0013 0.0177 0.0013
 
 0.0260 0.0003 0.0010 0.0000 0.0018 0.0016 0.0024 0.0052 0.0130 0.0043 0.0025 0.0200 0.0009 0.0008 0.0010 0.0005 0.0132 0.0014 0.0177 0.0014
 
 0.3 -38.3 -5.0 -38.2 -1.0 13.1 14.9 -3.6 -11.3 30.3 13.2 41.2 8.6 -4.1 40.2 -12.7 108.9 7.9 0.2 5.4
 
 TABLE 5. Pesticides with 1-in-10 yr Acute Risk Quotients g0.1 for Lawns risk quotient (calculated concentration/LC50 or EC50) pesticide
 
 Albany
 
 Atlanta
 
 chlorantraniliprole
 
 0.1
 
 0.2
 
 oxadiazon pendimethalin prodiamine trifluralin fluopicolide mancozeb
 
 1.9 0.1 0.2
 
 Bismarck
 
 Columbus Invertebrates 0.2
 
 4.4 0.1 0.3
 
 1.3
 
 0.3 0.1
 
 0.2
 
 Algae 3.5 0.2 0.3
 
 is feasible by comparing TPQPond results with a concentration determined by routing a 1-in-10 yr runoff load into a full, pesticide-free pond. This approximates the USEPA screening level risk assessment (7). In this case, only the 0.0001 Aw PQt term remains in eq 8, the pond mixing water Vmt becomes Vmax, the pond capacity, and the resulting dissolved pesticide concentration dt (mg/L) is determined from eq 13 as dt )
 
 0.0001 Aw PQt (Kp SS 10-6 + 1)Vmax
 
 (15)
 
 The only assumptions with eq 15 are complete mixing and linear adsorption. Pond dynamics are ignored, including volume changes associated with overflow, evaporation, and ice and snow as well as pesticide dynamics caused by overflow and biodegradation. As a result, unlike TPQPond, the 1-in10 yr pond concentration will necessarily be associated with a 1-in-10 yr runoff load. One-in-10 yr pond concentrations determined by TPQPond and the simple model (eq 15) are compared in Table 4 for the 20 herbicides applied to fairways in Madison. Even though the TPQPond values are averaged over 48 h, compared with the single 24-h simple pond concentration, the two sets of values are relatively close for 14 of the 20 chemicals. In two cases, benefin and carfentrazone-ethyl, TPQPond values are much (38%) less. Both of these pesticides 6500
 
 9
 
 Fresno
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 0.2
 
 Houston
 
 Madison
 
 Olympia
 
 0.5
 
 0.2
 
 0.1
 
 6.6 0.2 0.4 0.1 0.5 0.1
 
 3.2
 
 2.3
 
 0.2
 
 0.2
 
 0.3
 
 0.2
 
 Roswell
 
 1.3
 
 0.2
 
 have very short biodegradation half-lives (1 and 0.4 d, respectively). As a result, during the second day of a 48-h period, concentrations will decline significantly, and the average value over the two days would be much less than the 24-h value. Conversely, TPQPond 48-h concentrations are significantly higher for several pesticides, mecoprop-p, oxadiazon, prodiamine, and sulfentrazone, which have relatively long half-lives (50-541 d). Given these slow decay rates, pesticide would be expected to accumulate in the pond, and the resulting concentrations would be due to both past and current runoff. The simple model ignores the accumulations and hence predicts smaller concentrations. The results from Table 4 do not prove the accuracy of the TPQPond model. However, they do demonstrate that concentrations calculated by the model are of the appropriate magnitudes and correctly reflect differences in pesticide runoff loads and properties. Risk Assessment. Risk assessment results for the 37 pesticides are summarized in Tables 5-7 with respect to 1-in10 yr 48-h (for invertebrates and algae) and 96-h (for fish) pond concentrations calculated by TPQPond. Results are given only for those cases in which RQ exceeds 0.1, the level which USEPA associates with potential risk to invertebrates and fish. Results for RQ g 0.01 are provided in Supporting Information, Tables S1-S3. As noted earlier, RQ g 1.0 is considered by the Agency to be significant for plants, and RQ g 0.5 is considered high risk for invertebrates and fish.
 
 TABLE 6. Pesticides with 1-in-10 yr Acute Risk Quotients g0.1 for Fairways risk quotient (calculated concentration/LC50 or EC50) pesticide
 
 Albany
 
 Atlanta
 
 Bismarck
 
 chlorothalonil iprodione mancozeb chlorantraniliprole
 
 0.3
 
 0.2
 
 0.2 0.5
 
 0.6 0.2 0.6 0.7
 
 chlorothalonil mancozeb
 
 0.3 0.2
 
 0.8 0.5
 
 dithiopyr oxadiazon pendimethalin prodiamine trifluralin chlorothalonil cyazofamid fluopicolide iprodione mancozeb halofenozide
 
 0.2
 
 0.1 6.7 0.2 0.4 0.1 0.2 0.1 0.4
 
 0.4
 
 0.9
 
 3.1 0.2 0.1
 
 0.3
 
 Columbus
 
 Houston
 
 Madison
 
 Invertebrate 0.6 0.1 0.4 0.6
 
 1.1 0.3 1.8 1.1
 
 0.6 0.2 0.2 0.6
 
 Fish 0.7 0.4
 
 1.5 1.8
 
 0.7 0.2
 
 0.3
 
 2.2 0.1
 
 Algae 0.1 5.7 0.2 0.4 0.1 0.2
 
 0.2
 
 risk quotient (calculated concentration/LC50 or EC50)
 
 chlorothalonil chlorantraniliprole chlorothalonil
 
 Atlanta Invertebrate 0.1 Fish 0.1
 
 Houston 0.9 0.2 1.0
 
 Algae pendimethalin chlorothalonil fluopicolide mancozeb
 
 0.3
 
 0.4 0.7
 
 TABLE 7. Pesticides with 1-in-10 yr Acute Risk Quotients g0.1 for Greens
 
 pesticide
 
 Fresno
 
 0.1 0.3 0.1 0.2
 
 Lawns. As shown in Table 5, only 1of the 37 pesticides poses potential risk to fish or invertebrates when used at label-recommended rates on lawns. Houston is the only location with fish or invertebrate RQ g 0.5. Although several more chemicals (6 out of the 37) produce RQ g 0.1 for algae, only one pesticide (oxadiazon) reaches the critical 1.0 level. In general, we can conclude that most pesticides used on lawns are of little potential acute risk to these aquatic species. Fairways. The situation with fairways, as shown in Table 6, is less benign. More pesticides (4) exhibit at least potential risk to invertebrates and/or fish, and two pesticides are of potential risk to algae. Risk levels for all pesticides are substantially higher for fairways than lawns, and more instances of RQ g 0.5 (high risk) and even RQ g 1.0 are seen. This is generally due to more frequent applications and greater runoff water. Regional differences in risk are very apparent. Houston is obviously the worst case, because it is the wettest of the locations and also is one of two sites with a very long (9-mo) growing season. Conversely, there is little risk in Fresno, the other location with a 9-mo growing season, because of its minimal growing season precipitation, and hence little runoff. Herbicides, as a group, are relatively safer than fungicides and insecticides. No herbicide possess a potential risk to either fish or invertebrates, and only one (oxadiazon) appears dangerous to algae (RQ g 1.0).
 
 0.1 9.2 0.3 0.7 0.2 0.4 0.3 0.7 0.1 3.0 0.1
 
 Olympia
 
 Roswell 0.3
 
 0.4
 
 0.2 0.3 0.4 0.2
 
 5.0 0.2 0.3 0.1 0.2
 
 3.1
 
 2.1
 
 0.3
 
 0.1
 
 0.4
 
 0.2
 
 0.3
 
 0.1 0.2 0.4
 
 Greens. Greens are very well drained, and, as a result, significant runoff is quite rare. Risks to aquatic species from this runoff, as summarized in Table 7, are correspondingly small. Only two of the 9 locations, Atlanta and Houston, exhibit any potential risks.
 
 Discussion Risk Factors. Based on the risk quotients shown in Tables 5-7, only 5 of the 37 pesticides result in potential acute risk to invertebrates and fish (RQ g 0.1) or algae (RQ g 1.0) when used at label rates on lawns, fairways, or greens. Risk levels are very much affected by location and type of grass surface. Risks are greatest for fairways because of high and frequent applications and runoff and lowest for greens due to limited runoff. Frequent applications allow buildup of long-lived pesticides on the turf and in the pond, producing more available chemical for runoff losses and higher pond concentrations. Herbicides, as a group, are safer than fungicides or insecticides at least with respect to impacts on invertebrates or fish. With regard to algae, this apparent safety is largely due to the higher risk level (RQ
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