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Municipal wastewater has not been extensively examined as a 

pathway by which pesticides can contaminate surface waters, 

particularly relative to the well-recognized pathways of 

agricultural and urban runoff. A state-of-the-science review of 

the occurrence and fate of current use pesticides in 

wastewater, both before and after treatment, indicates this 

pathway is significant and should not be overlooked. A 

comprehensive conceptual model is presented to establish all 

relevant pesticide use patterns with the potential for down-the-

drain transport, both direct and indirect. Review of available 

studies from the United States (U.S.) indicates 42 current use 

pesticides and pesticide degradates have been identified in 

wastewater; many more have never been examined in this 

matrix. Conventional wastewater treatment technologies are 
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generally ineffective at removing pesticides from the water 

column, with high removal efficiency only observed in the 

case of highly hydrophobic compounds like pyrethroids. 

Aquatic life reference values can be exceeded in undiluted 

effluents. For example, seven compounds, including three 

pyrethroids, carbaryl, fipronil and its sulfone degradate, and 

imidacloprid, were detected in treated wastewater effluent at 

levels exceeding U.S. Environmental Protection Agency 

(USEPA) aquatic life benchmarks for chronic exposure to 

invertebrates. Pesticides passing through wastewater treatment 

plants (WWTPs) merit prioritization for additional study to 

identify sources and appropriate pollution prevention 

strategies. Two case studies – diazinon and chlorpyrifos in 

household pesticide products, and fipronil and imidacloprid in 

pet flea control products – highlight the importance of 

identifying neglected sources of environmental contamination 

via the wastewater pathway. Additional monitoring and 

modeling studies are needed to inform source control and 

prevention of undesirable alternative solutions. 

Introduction  

Pesticide pollution has long been recognized in agriculturally-impacted 

surface waters. A growing body of work indicates pesticide pollution is common 

in urban waterways as well.1-5 This pollution has been directly linked to urban 

and agricultural runoff associated with rainfall (stormwater) and irrigation. 

There are abundant agricultural and urban runoff monitoring data, mechanistic 

field and laboratory transport studies, and robust modeling tools to predict the 

environmental fate of specific chemicals under various outdoor agricultural and 

urban application scenarios.6-8  

Much less is known about the occurrence of pesticides contained in treated 

municipal wastewater effluent discharging to surface water. Unlike most urban 

or agricultural runoff, municipal wastewater is treated prior to discharge into 

receiving waters. Limited data exist on the efficacy of typical municipal 

wastewater treatment technologies for pesticide removal; however, available 

results suggest that these treatment processes – which were not designed to 

address chemical contaminants – are insufficient to reduce pesticide 

concentrations below aquatic toxicity thresholds.9-11  

Treated wastewater effluent continuously discharges to surface water, 

representing an ongoing source of contaminants recalcitrant to removal. Treated 

wastewater effluent can dominate flow in streams and rivers in arid regions, as 
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well as in estuarine environments with limited hydrodynamic exchange with the 

ocean.12 An understanding of the relative contribution of pesticides in 

wastewater effluent is essential to developing suitable management strategies for 

total pesticide loading to surface waters.  

The goal of this chapter is to provide a state-of-the-science review of the 

occurrence and fate of pesticide active ingredients (“pesticides”) in wastewater 

influent and in effluent discharged to surface waters that serve as habitat for 

aquatic life. We do this through: 1) presenting a robust conceptual model of 

pesticide uses (“use patterns”) available for down-the-drain transport; 2) 

summarizing all available journal-published monitoring data for current use 

pesticides in U.S. WWTP influent and effluent; 3) presenting case studies 

detailing significant pesticide pathways; and 4) identifying gaps in monitoring 

and specific use patterns where research efforts should be focused. Other 

WWTP emissions and products (e.g., biosolids, air emissions, recycled water), 

and other uses of treated effluent (e.g., for direct or indirect potable use) are 

acknowledged, but beyond the scope of the monitoring data literature review 

provided. Furthermore, this review focuses primarily on discharges to indoor 

drains, which flow to municipal separated sewer systems designed to carry 

indoor discharges only; it does not address combined sewer systems that mix 

urban runoff with wastewater from indoor drains.   

Because the regulation of pesticides strongly influences use patterns, the 

scope of this review was limited to the U.S., where there is a relatively uniform 

regulatory structure in place. Of note, a significant proportion of U.S. 

monitoring data is from the state of California. For purposes of this review, we 

will not consider metals (nano or otherwise) or antimicrobial pesticides (e.g., 

triclosan, triclocarban). Although there are pesticide products that contain metals 

as an active ingredient, additional non-pesticidal sources complicate the 

interpretation of available data. Similarly, antimicrobial active ingredients are 

present in products regulated as pesticides, as well as in personal care products 

whose regulation is overseen by agencies designed to protect human health. 

Compounds used as pharmaceuticals as well as pesticides, such as the blood 

thinner and rodenticide warfarin, were also excluded.  

Regulatory Framework Relevant to Urban and Consumer Pesticide 

Applications 

In the U.S., the Federal Insecticide, Fungicide, and Rodenticide Act 

(FIFRA) requires all pesticide products to be registered by the USEPA and 

provides for controls on pesticide sales and use. FIFRA requires pesticide 

manufacturers to submit supporting studies to demonstrate the efficacy and 

safety of proposed products. The USEPA then reviews the environmental fate 
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and impact of pesticide products. Following federal registration, additional 

supporting studies may be required prior to registration in any particular state.  

The USEPA includes municipal wastewater (“down-the-drain”) modeling 

as a part of its registration evaluation and its periodic pesticide registration 

reviews.13 The current USEPA model framework would benefit from an 

improved understanding of which pesticide use patterns result in down-the-drain 

transport. Further, information on the fraction of pesticide applied via specific 

use patterns that is dislodged and reaches indoor drains would improve 

modeling capabilities.  

Product labels approved by USEPA upon pesticide registration specify 

approved use patterns and application requirements. Pesticide labels are 

considered enforceable. Pesticide regulators have the authority to assess fines 

and penalties for pesticides not applied according to label directions. State and 

local authorities can implement additional mitigation measures to address off-

site pesticide transport through professional applicator permit conditions or 

through regulations.  

Unlike professional applications, consumer use of pesticides, though 

widespread, has relatively limited regulation. This has crucial implications for 

wastewater, as consumer applications often dominate the pesticide use patterns 

most likely to result in down-the-drain pesticide transport. In such cases, the 

more difficult source reduction approach must be used to prevent and mitigate 

wastewater pesticide contamination, as it is not practical to enforce or to instruct 

individual consumers on safe pesticide use. Gaining a robust understanding of 

pesticide use patterns that result in down-the-drain transport and the relative 

contribution from sources is necessary to develop successful source reduction 

measures.  

Another U.S. federal law, the Clean Water Act, requires California’s State 

and Regional Water Quality Control Boards to implement enforceable effluent 

pollutant limits on wastewater dischargers including WWTPs. Pesticides in 

wastewater effluent have posed a significant regulatory challenge for California 

water quality regulators, particularly after a California study found pyrethroids 

in the effluents of 28 of 31 municipal WWTPs, in some cases at concentrations 

higher than USEPA aquatic life benchmarks.10 For example, the Central Valley 

Regional Water Quality Control Board developed an amendment of a water 

quality control plan to address the occurrence of pyrethroids in the entire Central 

Valley basin, including contributions from WWTPs.14  

Wastewater treatment plants are legally responsible for limiting chemicals 

discharged to the environment; however, local municipal agencies like WWTPs 

cannot regulate the sale and use of pesticides in their service areas. In 

partnership with the USEPA, California’s Department of Pesticide Regulation 

(DPR) has the regulatory authority over use and sale of pesticides in the state. 

Collaborative efforts between DPR and WWTPs to generate useful data to 

support regulatory decisions are well underway.  
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A Conceptual Model of Pathways by which Pesticide Sources 

Enter Wastewater Systems 

A comprehensive conceptual model elucidates the multiple sources and 

pathways by which pesticides can enter municipal wastewater (Figure 1). The 

model must consider the entire region drained by the sewer system, also known 

as the sewershed. Refined conceptual models specific to particular pesticides or 

product types can be used to identify key sources whose control would most 

effectively reduce levels of pesticides in wastewater and receiving waters. Such 

models can also enable enhanced evaluation of pesticide products during the 

registration process.6 

Readily identifiable and direct sources of pesticides to municipal 

wastewater are topical products, such as pesticidal shampoos, intended to be 

rinsed down the drain. For humans, examples include treatments for lice 

(pediculicides) such as over-the-counter shampoos with pyrethrins or 

permethrin, or prescription-strength products with ivermectin, malathion, or 

spinosad. For companion animals, examples include flea and tick shampoos 

containing pyrethrins, permethrin, pyriproxyfen, and s-methoprene. 

Other topical pesticide products may not be designed specifically for rinse-

off application, but nevertheless enter municipal wastewater through bathing and 

cleaning activities. For example, after human dermal application of insect 

repellents containing N,N-diethyl-m-toluamide (DEET), the compound is 

washed from skin while bathing and enters the municipal wastewater system. 

DEET has been widely detected in both wastewater influent and effluent.15 

Topical spot-on or spray pesticide products for flea and tick control are 

commonly applied to companion animals; pesticides include fipronil, 

imidacloprid, s-methoprene, pyriproxyfen, pyrethrins, permethrin and other 

pyrethroids, etofenprox, dinotefuran, indoxacarb, spinetoram, and selamectin.16-

18 These pesticides enter municipal wastewater through multiple pathways, 

including pet bathing19; transfer to humans via petting20-25 followed by washing 

and bathing; and transfer to pet bedding,23,26 interior surfaces, and house dust,27-

30 followed by cleaning and laundering activities that result in down-the-drain 

discharges. Commercial pet grooming facilities are likely to discharge notable 

levels of pesticides from products used to treat companion animals.19 

Bathing, residential cleaning, and laundry activities are expected to result in 

pesticide discharge to municipal wastewater from a variety of other urban 

applications including: 1) indoor pest control products such as sprays, foggers, 

and crack and crevice treatments, 2) pesticide-impregnated construction and 

building materials, and 3) pesticide-treated clothing, pet bedding, and other 

textiles. Disposal of indoor-use pesticides, including improper cleanup of 

accidental spills by either professional applicators or consumers, likely results in 

sporadic, larger discharges to wastewater. Commercial laundry facilities serving 
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professional pesticide applicators or agricultural workers may also release larger 

loads of pesticides to the municipal sewer system. 

Pesticides more generally associated with outdoor uses and urban runoff 

can also make their way into wastewater via transport indoors followed by 

washing, cleaning, and laundry activities. Pesticides in outdoor-use products can 

be tracked indoors via shoes, clothing, and skin,27,31 with higher levels observed 

for professional pesticide applicators and agricultural workers.28,32 Indoor 

contamination can also result from air deposition of volatile or spray pesticide 

applications from nearby outdoor settings.33  

Another potential indirect source of pesticides to wastewater is human 

waste contaminated via pesticide ingestion and via other indoor or occupational 

exposures. Some pesticides have been observed in human urine34; for others, this 

indirect pathway is only suspected, as studies are generally lacking. 

Contaminated drinking water can be a source of pesticides to municipal 

wastewater systems. Pesticides applied in the vicinity of both surface water and 

groundwater supplies can result in broad, low-level environmental 

contamination. Because conventional drinking water treatment technologies 

were not designed to remove pesticides, these compounds may persist in 

finished drinking water. For example, recent studies in the U.S. have 

documented neonicotinoid insecticides35 (clothianidin, imidacloprid, and 

thiamethoxam) and herbicides36 (atrazine and metolachlor) in finished drinking 

water. While such findings have implications for human exposure to pesticides, 

they can also contribute to the presence of these compounds in wastewater.  

Additional sources of pesticides to wastewater include herbicides designed 

to be flushed through sewer drains and sewer lines to kill roots penetrating 

pipes; products to control bacteria and algae in swimming pools, hot tubs, spas, 

and decorative fountains or water features draining to the municipal sewer 

system; specialized biocides used in cooling towers; insecticides and fungicides 

used in hydroponic cultivation, particularly for cannabis; and pesticides used at 

plant nurseries, including large chain retailers with nursery departments. More 

diffuse sources of pesticides traveling via urban stormwater runoff or subsurface 

flows can also infiltrate wastewater collection systems via cracks or leaks in 

sewer pipes, even when flows are not deliberately directed to sewers. Infiltration 

is suspected to provide an indirect, underground point of entry for other outdoor 

urban applications of pesticidal products (including injected termiticides). The 

vulnerability of a sewer system to infiltration increases with deterioration of 

pipes, typically a function of infrastructure age. 

All pesticides entering municipal wastewater collection systems are 

subjected to wastewater treatment. Conventional treatment technologies are 

designed primarily to handle human waste and food waste compounds present at 

relatively high concentrations, and often have limited efficacy in eliminating 

unique pesticide compounds present at ng/L concentrations. Any contamination 
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that does not partition to solids or degrade during treatment is discharged to 

receiving waters via treated wastewater effluent. 

For many of the products or use patterns emphasized in this conceptual 

model, monitoring data are sparse. For example, many sources are associated 

with non-professional or consumer applications; unfortunately, consumer 

pesticide use practices are poorly characterized. Door-to-door surveys suggest 

widespread pesticide use in residences,37 and surveys of store shelves indicate 

ready access to an evolving array of pesticides in consumer-use products.38 

Other sources of pesticides that are both poorly understood and may increase in 

use over time include those associated with construction and building materials, 

textiles such as clothing or mattresses, and hydroponic cannabis-grow 

operations. These gaps in understanding limit our ability to identify the most 

significant sources of pesticides found in wastewater. 

Comprehensive Review of Available Current Use Pesticide 

Influent and Effluent Data for the United States 

Municipal wastewater has long been recognized as a pathway for discharge 

to receiving waters of contaminants derived from pharmaceuticals, personal care 

and cleaning formulations, and other consumer products. However, relatively 

few studies have evaluated this pathway for current use pesticides. Given the 

lack of a comprehensive conceptual model describing the potential pathways by 

which pesticides enter wastewater prior to this publication, this dearth of data is 

not surprising. 

Presented here is a compilation of data from peer-reviewed publications 

describing U.S. occurrence of current use pesticides in influent and effluent 

(Table 1). As noted previously, the data compilation was limited to the U.S., and 

metals, antimicrobials, and pesticides also used as pharmaceuticals were 

excluded, as they may be derived from multiple additional sources not governed 

by pesticide regulation. Wastewater treatment processes vary from plant to 

plant. In this review, we did not distinguish the type or level of treatment for 

specific monitoring results. In the U.S., municipal WWTPs utilize primary and 

secondary treatment at a minimum. Advanced or tertiary treatment is common in 

densely populated city centers. 

This extensive review of the scientific literature revealed wastewater 

influent and/or effluent detections for 20 insecticides and degradates, one insect 

repellent, 18 herbicides and degradates, two fungicides, and one wood 

preservative. For 39 additional pesticides and degradates, the literature review 

found no detections. Therefore, this review found information on a total of 81 

pesticides in wastewater, which represents a small fraction of the hundreds of 

pesticides registered for use in the U.S. While information on a limited number 
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Table 1. Occurrence of pesticides in wastewater influent and effluent in the U.S. 

 

Pesticide Inf./

Eff. 

Range 

(ng/L) a 

Median 

(ng/L) b 

DF 

(%) 

No. of 

Samples 

No. of 

Facilities 

References 

2,4-D Eff. <100-1,890 <100 3 102 52 39 

2,4-DB Eff. <610-7,440 <610 10 102 52 39 

2,4-

Dichlorophenol 

Eff. <19-470 <19 62 102 52 39 

Acetamiprid Inf. 3-4.7 3.2 100 5 1 40 

 Eff. 0.6-5.7 1.3-1.7 76 17 13 40 

Acetamiprid-N-

desmethyl 

Inf. <0.6 <0.6 0 5 1 40 

Eff. 1.1-1.6 1.2 100 5 1 40 

Acetochlor Eff. <0.89-240 1.3 61 38 3 41-43 

Atrazine Inf. 1-67 2-18.4 100 19 4 44-46 

 Eff. <7-390 <7-29 82 67 16 41-44,46,47 

Bifenthrin Inf. <0.1-74 7.7-20.3 96 80 32 10,48 

 Eff. <0.1-14.1 <1-10.3 71 92 34 10,48-50 

Carbaryl Eff. <0.49-663 <41 9 140 55 39,41-43 
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Pesticide Inf./

Eff. 

Range 

(ng/L) a 

Median 

(ng/L) b 

DF 

(%) 

No. of 

Samples 

No. of 

Facilities 

References 

Chlorpropham Eff. <7.7-72.4 <7.7 3 102 52 39 

Chlorpyrifos Inf. <1-81.9 15.2 85 13 1 48 

 Eff. <1-24.1 <1-3 40 30 5 41,42,48,50 

Clothianidin Inf. <0.9-666 18 80 5 1 40 

 Eff. <0.9-347 12.5-45.3 47 17 13 40 

Cyfluthrin Inf. <0.8-55 <1-8.85 74 80 32 10,48 

 Eff. <0.2-4 <1-0.3 42 90 34 10,48,50 

Cypermethrin Inf. <0.8-200 18-27.3 99 80 32 10,48 

 Eff. <0.167-17 <1-1.3 56 90 34 10,48,50 

DEET c Inf. 413-42,300 413-

10,100 

100 18 4 44,45,51 

 Eff. <5-13,600 25-675 85 171 69  39,43,44,51-54 

Deltamethrin Inf. <1.6-210 d <3.33 42 67 31 10 

 Eff. <0.2-2.7 <1 15 81 34 10,50 

Diazinon Eff. <5-150 <5-38 64 25 22 41,42,47,52 

Dicamba Eff. <300-760 <300 3 102 52 39 

Dichlorprop Eff. <300-370 <300 1 102 52 39 

Diuron Eff. <4–775 <4 46 102 52 39 

Esfenvalerate Inf. <1.6-360 d <1.67-2.3 46 67 31 10 

 Eff. <0.167-3.7 <1 27 81 34 10,50 

Fenpropathrin Inf. <0.8-130 e <1.67 4 67 31 10 

 Eff. <0.167-0.8 <1 2 81 34 10,50 

Fipronil Inf. <20-146 30-70.5 66 41 33 11,55 
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Pesticide Inf./

Eff. 

Range 

(ng/L) a 

Median 

(ng/L) b 

DF 

(%) 

No. of 

Samples 

No. of 

Facilities 

References 

 Eff. <0.5-340 30-104 67 57 40 11,41,42,55,56 

Fipronil amide Inf. <0.3 <0.3 0 8 8 11 

 Eff. <0.3-19.8 1.25-6.7 95 21 13 11,56 

Fipronil 

desulfinyl 

Inf. <0.5-5.5 <0.8 19 16 8 11 

Eff. <0.5-30.8 <0.8-9.4 56 32 15 11,41,42,56 

Fipronil sulfide Inf. <0.5-5.2 1.95-2.05 81 16 8 11 

 Eff. <0.5-52.2 <5-8.4 81 32 15 11,41,42,56 

Fipronil sulfone Inf. <0.5-31.2 8-23.1 94 16 8 11 

 Eff. <0.5-79.1 <5-30.7 88 32 15 11,41,42,56 

Fluridone Eff. <7.7-27 <7.7 1 102 52 39 

Glyphosate Eff. <100–

2,000 

<100 27 11 10 47 

Imazapyr Eff. <40-17,200 <40 9 102 52 39 

Imidacloprid Inf. 30-306 51.4-161 100 21 17 11,40 

 Eff. 18.5-305 48.3-164 100 25 21 11,40 f 

Lambda-

cyhalothrin 

Inf. <0.8-72 2.4-16 78 80 32 10,48 

Eff. <0.167-5.5 <1 41 90 34 10,48,50 

Mecoprop Eff. <0.28-72 4 80 35 1 43 

Metolachlor Eff. <0.9-98 <6-75 74 38 3 41-43 

Pentachloro-

phenol 

Eff. <100-300 <100 2 102 52 39 

Permethrin Inf. 30-3,800 180-315 100 80 32 10,48 

 Eff. <1-170 <1-21.4 64 90 34 10,48,50 
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Pesticide Inf./

Eff. 

Range 

(ng/L) a 

Median 

(ng/L) b 

DF 

(%) 

No. of 

Samples 

No. of 

Facilities 

References 

Prometon Eff. <4-64 <10 4 105 54 39,41,42 

Propiconazole Eff. <20-9,020 <20 3 102 52 39 

Simazine Eff. <4-56 <4 1 105 54 39,41,42 

Terbuthylazine Eff. <4-61 <4 1 102 52 39 

Thiabendazole Eff. 24-27 25.5 100 2 2 53 

Triclopyr Eff. <300-3,900 <300 11 102 52 39 

Inf. = Influent; eff. = effluent. DF = detection frequency. MDL = method detection limit.  

a If minimum is non-detect, the lowest MDL is reported.  

b Range of medians reported by the studies.   

c 15 conducted a broader review on DEET and reported a maximum concentration of 8,480 and 14,000 ng/L, and a DF of 100% (sample 

size = 71) and 88.1% (sample size = 310) in influent and effluent, respectively, in wastewater treatment plants in the US.  

d The maximum concentration is substantially greater than the second largest value (29 and 29 ng/L for deltamethrin and esfenvalerate, 

respectively.)  

e There are three detections out of 67 samples: 360, 100, and 1.3 ng/L.   

f 39 sampled effluent from 52 WWTPs in Oregon and analyzed for imidacloprid. DF was 9.8% (10 out of 102 samples) at MDL=20 ng/L 

with a median (median of detections) of 237 ng/L and maximum of 387 ng/L. The study was not included in the table because the MDL 

was relatively high, which resulted in a considerably lower DF, compared to other studies.  

Pesticides analyzed but not detected [MDL, ng/L]: alachlor [5], azinphos-methyl [50], α-hexachlorohexane [5], benfluralin [10], butylate 

[4], carbofuran [20], cis-permethrin [6], cyanazine [18], dacthal [3], dieldrin [9], dinotefuran [32.6], disulfoton [20], EPTC [2], ethalfluralin 

[9], ethoprophos [5], fipronil desulfinyl amide [9], fonofos [3], linuron [35], malathion [27], metribuzin [6], molinate [2], napropamide [7], 

parathion [10], parathion-methyl [15], pebulate [4], pendimethalin [22], phorate [11], propachlor [10], propanil [11], propargite [20], 

propyzamide [4], tebuthiuron [16], terbacil [34], terbufos [17], thiacloprid [0.1], thiamethoxam [0.3], thiobencarb [5], tri-allate [2], 

trifluralin [9]. References40-42 
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of additional pesticide analytes may be available in grey literature, this does not 

alter the fact that there is a substantial shortage of data on current use pesticides.  

Some studies provide paired influent and effluent data, which can be used to 

estimate removal efficiency of conventional wastewater treatment technologies. 

High levels of removal (80–100% reductions observed following treatment), 

were only seen in studies of pyrethroids, and high removals did not occur in all 

sampled WWTPs.9,10 This is not unexpected, as conventional wastewater 

treatment is focused on nutrient and pathogen removal, rather than removal or 

degradation of low levels of bioactive compounds with wide-ranging physico-

chemical properties. For some compounds, paired influent and effluent data are 

not available, preventing an estimate of removal efficiency. 

Relative Ecotoxicity of Pesticides in Effluent 

For those pesticides for which effluent monitoring data exist, compounds 

found at concentrations exceeding aquatic toxicity thresholds are typically 

prioritized for source identification and management action. The continuous 

discharge of treated municipal wastewater effluent containing pesticides at such 

levels suggests a potential for harm, particularly to sensitive aquatic species in 

highly impacted ecosystems such as effluent-dominated streams.  

Pesticides – particularly insecticides – in WWTP effluent can exceed 

aquatic toxicity based reference values. For example, observed WWTP pesticide 

effluent concentrations (Table 1) exceeded the following USEPA chronic 

invertebrate aquatic life pesticide benchmarks57: the pyrethroids bifenthrin (1.3 

ng/L), lambda-cyhalothrin (2 ng/L), and permethrin (1.4 ng/L); carbaryl (500 

ng/L); fipronil (11 ng/L) and its degradate, fipronil sulfone (37 ng/L); and 

imidacloprid (10 ng/L). Other pesticides detected in effluent at levels within 

50% of the lowest available USEPA aquatic life pesticide benchmark include 

the pyrethroids cyfluthrin (7.4 ng/L) and deltamethrin (4.1 ng/L); chlorpyrifos 

(40 ng/L); diazinon (170 ng/L); and imazapyr (24,000 ng/L).  

While identifying effluent pesticide levels exceeding reference values is 

useful for prioritization, this in itself is not proof of harm. The potential for 

adverse impacts on aquatic species depends not only on discharged pesticide 

concentrations, but also on site-specific factors in the receiving waters. Such 

factors include: 1) dilution; 2) the presence of the pesticide in question in other 

discharges (e.g., urban stormwater runoff), 3) the presence of other contaminants 

that may cause additive, synergistic, or antagonistic effects (e.g., related 
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pesticides and pharmaceuticals), and 4) the presence of substances that alter 

bioavailability or toxicity (e.g., dissolved organic carbon). Processes such as 

biodegradation and partitioning in receiving waters can also have long-term 

implications for the potential for adverse impacts to wildlife.  

Gaps in available ecotoxicity data must also be acknowledged, as a lack of 

understanding of potential risks could lead to unexpected impacts. For example, 

relatively few studies of pesticide toxicity relevant to saltwater species and 

estuarine or marine receiving waters are available. Fewer ecotoxicity studies are 

available for pesticide degradates, metabolites, and transformation products 

(e.g., disinfection byproducts) relative to parent compounds, and few reference 

values like USEPA pesticide aquatic life benchmarks have been developed to 

specifically address these compounds.  

Nevertheless, the presence of a pesticide in effluent at levels exceeding 

reference values like USEPA pesticide aquatic life benchmarks or other aquatic 

toxicity thresholds signals the need for a closer examination of its sources and 

uses, and the pathways by which it can enter wastewater.  

Case Studies Illustrating Use of WWTP Monitoring Data and 

Conceptual Models 

Compound-specific conceptual models can guide targeted examinations of: 

1) the relative quantities of the identified active ingredient in available pesticide 

products, 2) the pathways of transport relevant to these products, and 3) the 

relative contributions of different types of wastewater discharge, including those 

of residential and key commercial or industrial facilities, to the sewer system. 

Two case studies illustrate this approach, which can provide evidence to guide 

management actions designed to reduce pesticide presence in surface waters. 

Case Study: Diazinon and Chlorpyrifos  

In the late 1980s, toxicity testing found that effluent from the Central 

Contra Costa Sanitary District WWTP (Martinez, California) was acutely toxic 

to Ceriodaphnia dubia. In accordance with the Clean Water Act and the 

California Porter Cologne Act, the San Francisco Regional Water Quality 

Control Board required toxicity identification evaluations (TIEs) to determine 

the cause of the toxicity. The TIE studies suggested that the combination of two 

organophosphate pesticides, diazinon and chlorpyrifos, was causing the effluent 

toxicity. At the time, these pesticides were commonly found in products 

available directly to consumers including lawn and garden products, indoor pest 

control products, and flea and tick treatments for pets.58 
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DPR partnered with Central Contra Costa Sanitary District to conduct 

wastewater sampling to better understand potential sources. Sampling included 

influent and sub-sewershed sites (residential areas and commercial locations). 

Commercial sampling focused on sites expected to introduce higher relative 

pesticide loads to the wastewater catchment, including pet groomers, kennels, 

and pest control businesses. Diazinon and chlorpyrifos were detected in all 37 

influent daily-composite samples, with mean values of 310 ng/L and 190 ng/L 

respectively. Pesticide concentrations reported in residential sewage ranged 

from ND–4,300 ng/L and ND–1,200 ng/L for diazinon and chlorpyrifos, 

respectively. Commercial sampling locations contained the highest measured 

concentrations: 20,000 ng/L of diazinon in sewage from a kennel, and 38,000 

ng/L of chlorpyrifos in sewage from a pet groomer.  

Mass balance calculations determined that the overall mass contribution 

from residential sewage dominated the total pesticide mass entering the WWTP. 

Although the residential sewage concentrations were much lower, due to the 

higher residential flow rate, the residential contribution (82%) greatly exceeded 

the commercial contributions (6%).58 This sub-sewershed study highlighted the 

need to understand pesticide sources, pathways, and relative contributions to 

establish a robust conceptual model and inform effective mitigation solutions. 

As noted previously, the USEPA conducts registration reviews for actively-

registered products. In the early 2000s, as a part of the re-registration review 

process, concerns over human health arose for both pesticides. In 2000, 

registrants voluntarily agreed to terminate almost all indoor residential uses of 

chlorpyrifos in 2001, and all indoor residential uses of diazinon in 2002.59,60  

Limited available long-term monitoring data suggest a general reduction in 

chlorpyrifos and diazinon WWTP influent concentrations resulting from this 

near complete phase-out of their indoor uses. Weston et al.9 reported a median of 

15.2 ng/L for chlorpyrifos in influent from another California WWTP sampled 

2010-2012, representing an order of magnitude reduction from 1996 results. 

Similarly, the median diazinon influent concentration reported in a USEPA 

WWTP survey conducted in 2005-2008 was <10 ng/L.61 Conducting long-term 

monitoring in parallel with mitigation measure implementation would ensure 

that source control measures do indeed result in reduced chemical loading. 

Of note, the data presented in Singhasemanon et al.58 were not included in 

Table 1, as they primarily represent contributions from products no longer in 

current use. Current replacement insecticidal products for consumers now 

typically contain active ingredients like pyrethroids, and more recently fipronil 

and imidacloprid. Unfortunately, the use reduction of organophosphates 

coincided with an increase in pyrethroid occurrence in wastewater influent. As 

noted previously, effluent levels of pyrethroids, as well as newer replacements 

fipronil and imidacloprid, now exceed USEPA aquatic life benchmarks. 
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Case Study: Fipronil and Imidacloprid in Pet Flea and Tick Treatments  

To keep homes and companion animals free of fleas and ticks, treatment of 

dogs and cats with pesticides has been common for several decades. Shortly 

before the phase-out of most pet flea shampoos in the early 2000s, a new class 

of spot-on flea control products for pets entered the market. Fipronil and 

imidacloprid are common active ingredients in these popular topical products.18  

While occurrence data for both fipronil and its degradates (collectively 

fiproles) and imidacloprid in WWTP influent and effluent are sparse, these 

compounds are typically detected in available studies (Table 1). In one such 

study, the per capita influent loads for fiproles (54 ± 9 nmol/person/d, mean ± 

standard deviation) and imidacloprid (190 ± 80 nmol/person/d) for 7 Northern 

California WWTPs had low load variability, suggesting ubiquitous, low-level 

contributions from sources within the service areas.11 The authors outlined a 

conceptual model specific to fiproles and imidacloprid, which included all 

potential sources to wastewater, and the means by which pesticides derived from 

these sources might enter wastewater11; these sources are a subset of those 

included within the comprehensive conceptual model provided in Figure 1.  

Comparison of per-capita pesticide loads in influent with active ingredient 

concentrations in individual pesticide applications suggested that widespread use 

of spot-on or spray flea control products might be the primary source of fiproles 

in wastewater.11 An estimate of influent fiprole load per fipronil-treated dog was 

found to be consistent with levels of the active ingredient in spot-on or spray 

products. Other potential sources, including use of crack-and-crevice treatments, 

outdoor pesticide applications tracked indoors, contaminated drinking water, and 

episodic discharges from spills, cleanup, or improper disposal, were found 

unlikely to be major contributors. The similarity of use patterns for imidacloprid 

suggested it was likely to be transported via comparable pathways.11 

Sadaria et al.11 found multiple pathways by which fipronil and imidacloprid 

derived from flea control products can enter wastewater: 1) bathing of treated 

pets by professional groomers or pet owners in the home; 2) washing human 

hands contaminated via pet contact; 3) human waste following ingestion of trace 

levels of the pesticide as a result of pet contact; and 4) cleaning and laundering 

of residential surfaces, including pet bedding, that came into contact with pets or 

contaminated house dust. A subsequent study examined fiproles in rinsate from 

bathing fipronil-treated dogs 2, 7, or 28 days after treatment.19 Results 

confirmed pet bathing as a direct pathway of fiproles derived from spot-on 

products to municipal wastewater, with fiproles detected in 100% of samples 

and levels generally decreasing with increasing time from application.19 

Additional calculations suggested washing 25% of fipronil-treated dogs in a 

service area within 7 days of treatment could account for the entire fiprole load 

of the sewershed, indicating fipronil-containing spot-on products are likely to be 

an important fiprole source.19 While comparable data are not available for 
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imidacloprid, the compound’s higher solubility could result in significant wash 

off during pet bathing. In addition, targeted sampling of wastewater discharged 

from a pet grooming operation confirmed the release of fipronil, pyrethroids, 

and imidacloprid to the wastewater catchment.19 

Additional evidence supports other pathways identified in the conceptual 

model. As noted previously, fipronil and imidacloprid in spot-on products can 

be readily transferred to humans via petting.20,21,23,25 Pesticides transferred to the 

hands of companions may enter wastewater via washing, or via unintentional 

ingestion followed by elimination. The human waste pathway is known to be 

relevant for imidacloprid, as it has been detected in human urine,34 but has not 

been investigated for fipronil.62 

Pesticide active ingredients in flea treatment also commonly appear in 

house dust. Fipronil and degradates were observed in nearly every sample of 

house dust examined in two studies of homes in Texas and California.29,30 While 

fipronil in house dust may also be derived from indoor and outdoor-use products 

for non-flea pests like ants, reported concentrations were more than 20 times 

higher in residences housing a dog treated with a spot-on fipronil product 

relative to those without treated pets.29 Imidacloprid was also detected in house 

dust from 32 of 38 California houses sampled.30  

Spot-on products containing each of these pesticides have also been 

observed to transfer to pet bedding.23,26 Cleaning and laundering are known to 

transfer contaminants associated with house dust and textiles to the wastewater 

system,63 and can be expected to transfer fipronil and imidacloprid as well. 

Levels of these pesticides in wastewater before and after treatment indicate 

both fiproles and imidacloprid are relatively persistent, with little removal 

occurring via common WWTP treatment technologies.11,55 As noted previously, 

concentrations in effluent commonly exceed USEPA aquatic life benchmarks.57 

Flea control products containing these pesticides may therefore pose risks to 

surface waters receiving discharges of municipal effluent, particularly when 

dilution of that effluent is limited.  

Regional actions informed by these recent studies have already begun. The 

Bay Area Clean Water Agencies (BACWA), a joint powers authority that 

includes municipalities and special districts providing sanitary sewer services to 

more than 6.5 million people in the San Francisco Bay Area, has prioritized 

engagement with state and federal agencies to address the impacts of flea control 

pesticides, including providing comments to USEPA highlighting the need to 

include pet products in models used in pesticide risk assessment and 

regulation.64,65 BACWA has distributed consumer education materials and 

findings from recent studies11,19 have also been highlighted via local media.  
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Priority Data Gaps 

Available monitoring data, although sparse, highlight the need to address 

pesticide loading to surface water from WWTP effluent. Existing studies 

indicate that some pesticides (pyrethroids, fipronil, imidacloprid, and carbaryl) 

exceed aquatic life reference values, suggesting the potential for harm to aquatic 

ecosystems, particularly to sensitive aquatic species in highly impacted 

ecosystems such as effluent-dominated streams and estuaries. These and any 

other pesticides exceeding aquatic life reference values are high priorities for 

additional study to identify sources and appropriate pollution prevention 

strategies.  

Developing strategies that continue to provide protection from pests while 

reducing overall pesticide loading will require a robust, quantitative 

understanding of use patterns and subsequent down-the-drain transport. 

Pesticide-specific customization of the comprehensive conceptual model (Figure 

1) is an essential first step to build the knowledge to develop effective mitigation 

solutions. Refining this conceptual model for specific active ingredients can 

elucidate key data gaps, inform monitoring designs, and ultimately inform 

effective mitigation measures.  

In the case of chlorpyrifos and diazinon, a conceptual understanding of 

potential sources based on registered uses led to a focused investigation of sub-

sewershed contributions, characterizing sewage concentrations and loadings 

from residential and commercial sites.58 Study calculations to fill this data gap 

revealed low-level, ubiquitous residential sources to be of greater importance 

than large mass pulses.58 This case study illustrates how cooperative 

relationships between wastewater agencies and pesticide regulators are needed 

to ensure necessary data are obtained to inform potential mitigation. 

In the case of fipronil- and imidacloprid-based flea and tick control, a 

refined conceptual model11 identified the need to confirm suggested 

contamination pathways, an important data gap. A study of the most direct 

contamination pathway, bathing treated animals in locations discharging to the 

sewer, suggested it is likely to provide significant mass transfer.19 However, 

presence of flea control active ingredients on pet bedding,23,26 pet 

owners,20,21,23,25 and house dust29,30 indicate true source control at the site of 

application may be needed to significantly reduce down-the-drain transport. 

Further WWTP influent and effluent monitoring is necessary to document 

occurrence or absence of additional, as yet unexamined pesticides. More than 

1,000 pesticides are currently registered. The pesticide market continually shifts 

to adapt to changing needs and to produce alternatives to replace pesticides or 

product types most heavily scrutinized by federal and state regulators. Pesticides 

with the use patterns identified in the conceptual model – particularly those 

where parent compounds or degradates have relatively high aquatic toxicity – 

should be the highest priority for monitoring effluent discharged to surface 
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waters that serve as habitat for aquatic life. Long-term monitoring to evaluate 

spatial and seasonal patterns and to track temporal trends resulting from 

mitigation or regulatory actions would fill additional data gaps for these 

prioritized pesticides. 

There is also a need to identify and screen for degradates and metabolites of 

pesticides, including degradates formed during wastewater treatment (e.g., 

disinfection byproducts). The degradation products of some pesticides are 

known, but very few have been measured in WWTP influent and effluent. In 

some cases, degradate aquatic toxicity is comparable to or greater than the 

toxicity of the parent compounds. Identifying potentially harmful degradates is 

an area of intensive research that often utilizes high-resolution mass 

spectrometry to search for both known degradates and previously unidentified 

transformation products.30,66 However, these techniques may not be sufficiently 

sensitive to rule out the presence of pesticides at parts-per-trillion levels. 

Focused investigations of specific sources and sites within sewersheds are 

needed to better understand pesticide contributions from use patterns identified 

in the conceptual model. Several suspected high-use indoor pesticides sources 

are poorly understood and merit prioritization. For example, irrigation water 

from nursery operations discharging to wastewater collection systems (including 

stores where plants are temporarily held before sale) has received little study. 

Legalization of cannabis cultivation in many states may lead to an increase in 

hydroponic indoor grows and associated pesticide applications. Intensive use of 

pesticides such as for bed bug mitigation and subsequent cleaning activities is 

another identified data gap. While professional pest control operators are a 

highly-regulated group intimately familiar with pesticide handling requirements, 

the laundering of uniforms used during application is likely a concentrated 

source to wastewater. Similarly, commercial laundering of uniforms for large 

groups (e.g., the military) that utilize clothing impregnated with pesticides is 

likely to introduce large pulses of pesticides to sewer systems. Finally, to inform 

mitigation and predictive modeling of pesticide discharges, it is important to 

gain a better understanding of the fraction of certain pesticide uses, including 

impregnated building and construction materials, foggers, and sprays, that is 

dislodgeable and available for transport down the drain.  

Developing advanced engineering solutions to expand the capacity of 

wastewater treatment to reduce trace organic chemicals, present in the parts-per-

billion to sub parts-per-trillion concentrations, has been an area of intense 

research over the past twenty to thirty years.67 However, due to the diverse 

chemical properties of pesticides, source control is more likely to provide 

financially feasible and effective mitigation, rather than implementing costly and 

potentially-ineffective upgrades that add wastewater treatment technologies for 

removal of specific pesticides. 

Enhanced understanding of compound-specific removal in wastewater 

treatment will improve our ability to prevent and manage risk. Available data 
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provide some insights, but are too sparse to reflect the diverse design and 

operations of WWTPs. Use of additional or alternative treatment technologies 

such as reverse osmosis or advanced oxidation may also impact concentrations 

of pesticides and transformation products. Such data can inform improved 

predictive modeling.  

Addressing data gaps concerning pesticide wastewater treatment removal 

efficiency and incorporating this information into modeling tools, such as the 

USEPA Exposure and Fate Assessment Screening Tool (E-FAST) model 

currently used for risk evaluation,13 could inform development of effective 

mitigation solutions and could prevent future registration of products that pose a 

risk to surface water through down-the-drain transport. The E-FAST model 

relies on removal predictions based solely on physical and chemical properties, 

rather than chemical-specific removal studies. This approach can introduce 

inaccuracies in modeling. For example, Parry and Young68 measured the 

distribution of pyrethroids in secondary treated effluent and found additional 

settling time would not result in improved removal efficiency. The observed 

association between pyrethroids and dissolved organic matter present in 

wastewater may account for the over-predicted removal of pyrethroids by the E-

FAST model.69 Predictive modeling must also recognize long-term trends, such 

as expected decreases in per-capita water use, which may result in increases in 

contaminant concentrations in influent.  

Conclusion 

Pesticide contamination of aquatic ecosystems occurs via WWTP effluent 

discharges, as well as via agricultural and urban runoff. This state-of-the-science 

review of the occurrence of pesticides in wastewater derived primarily from 

indoor, down-the-drain inputs indicates that for some pesticides, continuous 

discharges of WWTP effluent have the potential to adversely impact vulnerable 

aquatic biota. Protecting the quality of water resources that receive these effluent 

discharges is essential, particularly in regions with effluent-dominated streams, 

or embayments with limited hydrodynamic exchange with the ocean.  

Addressing the data gaps identified in this review will improve the ability to 

prevent and manage these risks. The knowledge gained will not only allow for 

informed mitigation solutions, but also enhanced evaluation of pesticide 

products prior to registration and use. For the municipal wastewater pathway, 

pollution prevention is a key strategy to improve water quality.  
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Figure – See Attachment 

Figure 1. Conceptual model of sources of current use pesticides to municipal 

wastewater. Black text is used to describe sources. 

 


