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Modeling Agrochemical Contamination in Drinking Water and Chronic Disease Risk in U.S. Farmers


Abstract
Agrochemical contamination of drinking water represents an underrecognized environmental health risk in agricultural communities, particularly among farmers who rely on private wells for long-term water consumption. Intensive use of pesticides, herbicides, and nitrogen-based fertilizers can lead to groundwater and surface water contamination through leaching, runoff, and subsurface transport, resulting in chronic low-level exposure. Existing monitoring and biomonitoring approaches are often insufficient to capture cumulative and historical exposure relevant to chronic disease development. This review synthesizes current modeling approaches used to estimate agrochemical contamination in drinking water and examines how these modeled exposures have been linked to chronic disease risk among farmers. Environmental fate and transport models, spatial and temporal exposure models, and emerging mixture-based frameworks are reviewed to illustrate how long-term drinking water exposure is reconstructed and applied in epidemiologic research. Evidence linking modeled exposure to cancer, neurologic, endocrine, metabolic, and renal outcomes is summarized, with attention to exposure duration, latency, and population-specific vulnerabilities. Overall, the literature indicates that drinking water is a critical and continuous exposure pathway contributing to chronic disease risk in farming populations, particularly where regulatory oversight of private wells is limited. Future research should prioritize integrated modeling–biomonitoring frameworks, improved mixture assessment, and the use of conceptual diagrams to clarify exposure mechanisms. Strengthening these approaches will support more effective surveillance, risk assessment, and preventive strategies aimed at protecting farmer health and reducing long-term disease burden.
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1. Introduction
1.1 Agrochemical Use in Modern Agriculture
Agrochemicals refer to chemical substances used in agriculture to enhance crop productivity and protect plants from pests, weeds, and disease. These substances include herbicides, insecticides, fungicides, and synthetic fertilizers. Modern U.S. agriculture relies heavily on these inputs to sustain crop yields, ensure food security, and maintain economic viability across diverse cropping systems. Millions of kilograms of active ingredients are applied annually, with intensity varying by crop type, region, and season (1,2).
Despite their agronomic benefits, agrochemicals raise environmental and public health concerns. Following application, these compounds may persist in soil, migrate beyond treated fields, and enter surrounding ecosystems. Agrochemicals can contaminate groundwater and surface water through leaching, runoff, spray drift, and subsurface drainage (3). Their environmental behavior is influenced by chemical properties such as solubility, persistence, and degradation rates, as well as by soil composition, aquifer characteristics, land slope, and climate variability. Consequently, contaminants such as nitrates, atrazine, glyphosate, and other pesticide residues are frequently detected in agricultural watersheds, sometimes at concentrations exceeding health-based guidelines (3,4). These patterns underscore the need to examine agrochemical exposure not only as an occupational hazard but also as an environmental health issue.
1.2 Drinking Water as an Underrecognized Exposure Pathway
Drinking water represents a critical but underrecognized pathway of agrochemical exposure in agricultural regions. Public water systems are subject to regulatory monitoring and treatment requirements; however, a substantial proportion of farming households rely on private wells. Private wells are largely unregulated at the federal level and are not routinely monitored for contaminants. As a result, contamination may persist undetected for extended periods.
Unlike occupational exposure, which may vary seasonally or cease upon retirement, drinking water exposure can be continuous and lifelong. Farmers are exposed not only through direct chemical handling but also through residential proximity to treated fields and reliance on potentially contaminated water sources (4,6,7). This dual exposure context increases cumulative risk. Drinking water ingestion represents a steady exposure route that extends beyond active farming years and may affect family members, including children and older adults. Therefore, evaluating agrochemical contamination of drinking water is essential for understanding total exposure burden in farming populations.
1.3 Chronic Disease Burden in Farming Populations
Farmers and agricultural workers experience a distinct pattern of chronic disease risk shaped by occupational, environmental, and social factors. Epidemiologic studies have documented elevated risks of certain cancers, including hematologic malignancies, prostate cancer, and non-Hodgkin lymphoma. Increased prevalence of neurologic disorders such as Parkinson’s disease has also been reported. Emerging evidence links agricultural exposures to endocrine disruption, metabolic disorders, chronic kidney disease, and adverse cardiovascular outcomes (5).
A defining feature of these chronic conditions is long latency. Many cancers and neurodegenerative diseases develop over decades. Chronic low-dose exposure through drinking water may therefore be particularly relevant. Repeated ingestion of contaminated water can contribute to cumulative internal dose even when individual measurements fall below regulatory thresholds. However, fragmented surveillance systems and limited integration of occupational and environmental exposure data complicate efforts to attribute disease risk to specific pathways. These gaps highlight the importance of more comprehensive exposure assessment strategies.
1.4 Why Exposure Modeling Is Needed
Direct monitoring of agrochemicals in drinking water and biomonitoring of exposed individuals are essential but inherently limited. Monitoring data are often spatially sparse and temporally inconsistent. They are typically focused on regulated public water systems, leaving private wells underrepresented. Biomonitoring reflects recent exposure and may not capture cumulative or historical exposure relevant to chronic disease development (8).
Exposure modeling provides a complementary approach. By integrating data on agrochemical application, environmental transport processes, hydrology, land use, and water sources, models can reconstruct spatially and temporally resolved exposure estimates over extended periods (9). These methods enable estimation of cumulative exposure, identification of high-risk regions, and assessment of exposure gradients that are otherwise difficult to measure directly. Modeled exposure metrics can also be linked to epidemiologic data to strengthen causal inference and inform risk assessment and regulatory decision-making.
1.5 Scope, Objectives, and Conceptual Overview
This review synthesizes current evidence on modeling agrochemical contamination in drinking water and its implications for chronic disease risk among U.S. farmers. The focus is on drinking water as a distinct and continuous exposure pathway, rather than solely on occupational exposure. The objectives are to: (i) summarize major agrochemicals of concern in U.S. drinking water; (ii) evaluate modeling approaches used to estimate contamination and long-term exposure; (iii) examine how modeled exposure has been linked to chronic disease outcomes; and (iv) identify methodological challenges, prevention strategies, and future research priorities relevant to environmental health policy.
To clarify the full exposure pathway, Figure 1 presents an integrated conceptual framework linking agrochemical application to chronic disease risk. As illustrated, agrochemicals applied in agricultural settings enter the environment through leaching, runoff, and drift. These processes contribute to contamination of groundwater and surface water used for drinking. Long-term ingestion of contaminated water results in cumulative internal exposure. Sustained exposure may lead to biological disruption, including endocrine, neurologic, and carcinogenic mechanisms, ultimately contributing to chronic disease development. This framework guides the structure of the review and provides a mechanistic foundation for interpreting exposure modeling and epidemiologic findings.
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Fig 1: Mechanistic Pathway Linking Agrochemical Application to Drinking Water Contamination and Chronic Disease Risk in Farmers. This figure illustrates the sequential mechanisms through which agrochemicals used in agriculture contribute to chronic disease risk among farming populations. Agrochemical application, including pesticides, herbicides, and fertilizers, leads to environmental release and transport via runoff, leaching, and subsurface movement. These processes result in contamination of surface water and groundwater sources, particularly private wells used for drinking water. Long-term ingestion of contaminated drinking water causes cumulative exposure, which may induce biological effects such as endocrine disruption, neurotoxicity, oxidative stress, and carcinogenic processes. Sustained exposure over time contributes to the development of chronic diseases, including cancer, neurologic disorders, kidney disease, and metabolic disorders. The figure also highlights key stages where preventive and mitigation strategies may reduce exposure and health risk.
Source: Created by authors
2. Conceptual Framework: From Agrochemical Use to Chronic Disease
This section outlines the mechanistic pathway linking agrochemical use in agricultural settings to chronic disease risk among farming populations. As summarized in Figure 1, exposure arises through a sequential process involving environmental release, transport into drinking water sources, chronic ingestion, and biological disruption. Each stage contributes to cumulative health risk over time.
2.1 Agrochemical Application and Environmental Release
Agrochemicals are applied to agricultural fields to control pests, suppress weeds, and enhance crop productivity. These substances include herbicides, insecticides, fungicides, and nitrogen-based fertilizers. Application methods vary and may include ground spraying, aerial spraying, seed treatments, and soil incorporation. During and after application, a portion of the active ingredients enters the surrounding environment.
Initial environmental entry occurs through direct deposition onto soil and plant surfaces. Some compounds remain bound to soil particles, while others dissolve in water and migrate downward or laterally. Factors such as rainfall, irrigation practices, soil composition, temperature, and chemical properties influence the extent of environmental release and mobility (3,4). This stage represents the starting point of the exposure pathway illustrated in Figure 1.
2.2 Environmental Transport and Fate
Once released into the environment, agrochemicals undergo transport and transformation processes that determine their persistence and movement. Leaching refers to the downward movement of dissolved chemicals through soil profiles into groundwater systems. This process is influenced by soil permeability, precipitation, irrigation intensity, and aquifer characteristics (3).
Runoff occurs when rainfall or irrigation water carries agrochemicals across the land surface into nearby streams, rivers, and reservoirs. Surface runoff is particularly significant in sloped agricultural landscapes and during heavy rainfall events. Spray drift may also transport chemicals beyond treated fields during aerial or high-pressure applications.
In addition to physical transport, agrochemicals undergo chemical and biological degradation. Some compounds break down into metabolites that may retain biological activity or environmental persistence. These degradation products can also migrate into water systems and contribute to overall contaminant burden (3,11). Environmental transport and fate processes therefore determine the concentration and distribution of contaminants that ultimately reach drinking water sources, as depicted in Figure 1.
2.3 Contamination of Drinking Water Sources
Contamination of drinking water occurs when transported agrochemicals enter groundwater or surface water used for human consumption. Groundwater contamination is particularly concerning in agricultural regions where shallow aquifers are used for domestic supply. Nitrates and certain herbicides, such as atrazine, are frequently detected in groundwater systems due to their mobility and persistence (3,4).
Surface water sources may also become contaminated through runoff from agricultural fields. Rivers, lakes, and reservoirs that serve as drinking water sources may contain seasonal peaks in agrochemical concentrations following application periods.
Private wells represent a critical vulnerability. Unlike public water systems, private wells are not routinely monitored under federal drinking water regulations. As a result, contamination may remain undetected for extended periods. Rural households relying on private wells may therefore experience prolonged exposure without awareness of contaminant presence (14,17). Figure 1 illustrates how environmental transport culminates in contamination of both groundwater and surface water systems used for drinking.
2.4 Chronic Drinking Water Exposure
Drinking water ingestion provides a continuous exposure route. Unlike occupational exposure, which may fluctuate based on farming activities, drinking water exposure can persist daily over many years. Long-term ingestion leads to cumulative internal dose, even when contaminant concentrations are relatively low.
Cumulative exposure is particularly important for chronic disease development. Many agrochemicals exert effects through repeated low-dose exposure rather than acute toxicity. Seasonal variations in application may produce fluctuations in contaminant levels; however, residual contamination and groundwater persistence can sustain exposure beyond active spraying periods (8,9).
Chronic ingestion also affects individuals beyond active farm workers. Family members, including children and older adults, may share the same water source. Therefore, drinking water contamination extends exposure risk beyond occupational contexts and contributes to population-level health burden.
2.5 Biological Mechanisms Linking Exposure to Disease
Sustained ingestion of contaminated drinking water may contribute to disease development through several biological mechanisms. Endocrine disruption occurs when certain agrochemicals interfere with hormone signaling pathways. Even low-dose exposure may alter metabolic regulation and reproductive function over time.
Neurotoxicity represents another pathway. Some pesticides affect neurotransmitter systems and may contribute to neurodegenerative processes following chronic exposure. Associations between pesticide exposure and neurologic outcomes such as Parkinson’s disease have been reported in farming populations (5).
Oxidative stress and inflammation may arise from repeated chemical exposure. These processes can damage cellular components, including DNA and proteins, and may promote chronic organ dysfunction.
Carcinogenesis may occur through genotoxic mechanisms, epigenetic alterations, or sustained cellular proliferation following repeated exposure. Nitrate contamination, for example, has been associated with endogenous formation of N-nitroso compounds, which are known carcinogens (3,4).
As shown in Figure 1, these biological mechanisms represent the downstream consequences of a multi-stage exposure pathway beginning with agrochemical application and culminating in chronic disease risk. Understanding this full mechanistic sequence is essential for interpreting exposure modeling results and informing preventive strategies.
3. Agrochemicals of Concern in Drinking Water
This section identifies the major agrochemicals most frequently implicated in drinking water contamination in agricultural regions. These compounds differ in chemical structure, environmental persistence, mobility, and biological activity. Understanding their properties is essential for interpreting exposure modeling results and associated health risks.
3.1 Pesticides and Herbicides
Pesticides and herbicides represent the most widely studied agrochemicals in relation to drinking water contamination. These compounds are designed to control weeds, insects, and plant diseases but may persist beyond their intended targets.
Atrazine is among the most commonly detected herbicides in groundwater and surface water in agricultural regions of the United States. Its high solubility and moderate persistence facilitate movement through soil and into aquifers. Seasonal peaks in atrazine concentrations have been observed following application periods, particularly in corn-producing areas (3,4). Atrazine has been investigated for potential endocrine-disrupting properties and associations with reproductive and metabolic outcomes.
Glyphosate is extensively used due to its broad-spectrum herbicidal activity and compatibility with genetically modified crops. Although glyphosate binds strongly to soil under certain conditions, it has been detected in surface waters and, in some settings, groundwater. Environmental transport may occur through runoff, especially during heavy rainfall events (3). Concerns regarding chronic exposure relate to potential carcinogenicity and metabolic disruption, although risk assessments remain subject to ongoing scientific debate.
Organophosphate pesticides, including compounds such as chlorpyrifos and diazinon, have historically been widely used in agriculture. These chemicals act by inhibiting acetylcholinesterase and are known for their neurotoxic properties. While regulatory restrictions have reduced some uses, residues and degradation products may persist in environmental matrices. Chronic low-level exposure through drinking water remains a concern in regions with historical or ongoing application (5).
Together, these pesticides and herbicides illustrate the diversity of chemical properties that influence environmental fate and potential human exposure through drinking water systems.
3.2 Fertilizers and Nitrate Contamination
Nitrogen-based fertilizers are another major contributor to drinking water contamination in agricultural settings. Following application, nitrates can leach readily through soil into groundwater due to their high solubility and limited adsorption to soil particles (3).
Nitrate contamination is particularly prevalent in regions with intensive crop production and shallow aquifers. Elevated nitrate concentrations in drinking water have been associated with adverse health outcomes, including methemoglobinemia in infants and potential links to certain cancers. One proposed mechanism involves endogenous conversion of nitrates to nitrites and subsequent formation of N-nitroso compounds, which are recognized carcinogens (3,4).
Synergistic effects may occur when nitrates coexist with pesticide residues. Combined exposure to multiple agrochemicals may amplify biological effects through additive or interactive mechanisms. These mixture exposures are difficult to characterize using conventional monitoring approaches and highlight the importance of advanced exposure modeling techniques (9,27).
3.3 Metabolites and Emerging Compounds
In addition to parent compounds, degradation products and metabolites contribute substantially to overall contaminant burden. Environmental degradation may occur through photolysis, microbial metabolism, or chemical hydrolysis. Some metabolites retain biological activity or exhibit greater mobility than the original compound (3,11).
For example, atrazine degradation products have been detected in groundwater and may persist even when parent compound concentrations decline. Monitoring programs often focus on regulated parent compounds, potentially underestimating total exposure when metabolites are excluded.
Emerging compounds, including newly introduced pesticides and previously unmonitored transformation products, present additional challenges. Regulatory frameworks and surveillance systems may lag behind changes in agricultural practice. Consequently, drinking water contamination may involve compounds that are not routinely measured or fully characterized in epidemiologic studies (14,17).
These monitoring gaps underscore the need for comprehensive modeling approaches capable of incorporating multiple compounds, degradation pathways, and cumulative exposure metrics. Such approaches provide a more complete understanding of agrochemical contamination in drinking water and its potential contribution to chronic disease risk.

4. Modeling Agrochemical Contamination in Drinking Water
Modeling approaches are central to assessing agrochemical contamination in drinking water, particularly in agricultural regions where direct monitoring is sparse, temporally inconsistent, or biased toward regulated public water systems. These models integrate information on agrochemical use, environmental processes, and landscape characteristics to generate spatially and temporally resolved exposure estimates. Such estimates are essential for evaluating long-term, low-dose exposure relevant to chronic disease risk among farming populations (24). This section reviews the major modeling frameworks used in the literature, highlighting their applications, strengths, and limitations.

4.1 Environmental Fate and Transport Models
Environmental fate and transport models are process-based tools designed to simulate the movement, transformation, and persistence of agrochemicals in soil–water systems. These models explicitly represent physical and chemical processes such as leaching, runoff, volatilization, sorption, and degradation. Hydrological components describe water movement through soil profiles, unsaturated zones, and aquifers, enabling estimation of contaminant fluxes into groundwater and surface water used for drinking water (25).
Such models are particularly valuable for understanding how environmental conditions influence contamination patterns. Parameters related to soil texture, organic matter content, rainfall, irrigation, and chemical-specific properties allow simulation of spatial heterogeneity across agricultural landscapes. Fate and transport models are often used to evaluate long-term average concentrations, identify vulnerable regions, and assess the effects of changes in agricultural practices or climate conditions (11,25).
However, their application to human exposure assessment is limited by data requirements and uncertainty. Detailed information on application timing, rates, and environmental parameters is often unavailable at large spatial scales. Model outputs are sensitive to parameter assumptions, and uncertainty may propagate through simulations. As summarized in Table 1, these models provide strong mechanistic insight but often require integration with other approaches for epidemiologic applications.
4.2 Spatial and Geospatial Modeling Approaches
Spatial modeling approaches translate land-use and environmental data into geographically explicit estimates of drinking water contamination. Geographic information systems (GIS) are commonly used to integrate data on crop distribution, agrochemical application intensity, soil characteristics, hydrology, and water sources. These inputs are combined to generate exposure surfaces that estimate contaminant concentrations or relative exposure levels across space (9).
Land-use regression (LUR) models are widely used within this category. LUR models statistically relate measured contaminant concentrations in water to surrounding land-use patterns and environmental predictors. Once calibrated, they can be applied to unmonitored locations to estimate exposure. These models balance interpretability and scalability, making them suitable for large population-based studies (26).
Remote sensing data increasingly complement GIS-based approaches by providing high-resolution information on crop type, vegetation cover, and irrigation practices. Satellite-derived indicators improve temporal alignment between agrochemical application and environmental conditions. Nevertheless, spatial models may oversimplify subsurface transport processes and are constrained by the quality and representativeness of monitoring data used for calibration (40).

4.3 Temporal and Cumulative Exposure Models
Chronic disease risk is influenced by long-term and cumulative exposure, necessitating modeling approaches that extend beyond static or cross-sectional estimates. Temporal modeling frameworks reconstruct historical exposure trajectories by integrating time-varying data on agrochemical use, land management, and hydrological conditions. These models generate cumulative exposure metrics, such as time-weighted averages or cumulative dose indices, which are more biologically relevant for chronic disease outcomes (27).
Lag structures are often incorporated to account for latency periods between exposure and disease onset. For example, exposures occurring years or decades prior may be most relevant for cancer development, whereas shorter lags may apply to endocrine or metabolic effects (28). Temporal models also allow identification of critical exposure windows and evaluation of exposure trends over time.
Despite their relevance, temporal models face challenges related to incomplete historical data. Records of agrochemical application and water quality may be missing or inconsistent, requiring assumptions or imputation. As shown in Table 1, temporal reconstruction enhances etiologic relevance but introduces additional uncertainty, highlighting the importance of sensitivity analyses.
4.4 Mixture and Multi-Chemical Models
Drinking water contamination in agricultural settings rarely involves single compounds. Instead, exposure typically reflects complex mixtures of pesticides, nutrients, and degradation products. Mixture modeling approaches aim to capture joint exposure and combined health effects. Additive frameworks estimate cumulative exposure by summing contributions across chemicals, while more advanced approaches allow for synergistic or antagonistic interactions (29).
Statistical challenges arise due to correlated agrochemical use. Chemicals are often applied together or sequentially within the same cropping systems, leading to collinearity that complicates attribution of effects to individual compounds. Dimension-reduction techniques and Bayesian hierarchical models have been used to address these challenges and stabilize estimates, as summarized in Table 1.
Mixture modeling remains an evolving area but is critical for reflecting real-world exposure conditions. Incorporating multi-chemical frameworks reduces the risk of underestimating exposure and strengthens the relevance of drinking water contamination assessments for chronic disease research.
Table 1. Major Modeling Approaches Used to Estimate Agrochemical Contamination in Drinking Water
	Modeling Approach
	Core Features
	Typical Data Inputs
	Strengths
	Key Limitations

	Environmental fate and transport models
	Process-based simulation of chemical movement and degradation
	Soil properties, hydrology, climate, chemical properties, and application data
	Mechanistic insight; scenario analysis
	Data-intensive; parameter uncertainty

	GIS-based spatial models
	Spatial integration of land use and environmental data
	Crop maps, agrochemical use, soils, water sources
	Scalable; geographically explicit
	Limited subsurface representation

	Land-use regression models
	Statistical prediction based on land-use predictors
	Water monitoring data, land-use variables
	Interpretable; suitable for epidemiology
	Dependent on monitoring density

	Remote sensing–enhanced models
	Use of satellite-derived land and crop data
	Satellite imagery, agricultural datasets
	High spatial resolution; temporal alignment
	Indirect exposure proxies

	Temporal reconstruction models
	Longitudinal exposure estimation
	Historical use data, environmental records
	Captures cumulative exposure
	Historical data gaps

	Mixture modeling frameworks
	Joint exposure estimation across chemicals
	Multi-chemical exposure metrics
	Reflects real-world exposure
	Correlated exposures; complexity


Together, these modeling approaches provide complementary tools for estimating agrochemical contamination in drinking water. As highlighted in Table 1, no single model is sufficient; robust exposure assessment increasingly relies on integrating multiple frameworks to balance mechanistic realism, scalability, and epidemiologic relevance.


5. Linking Drinking Water Exposure to Chronic Disease
Modeled estimates of agrochemical contamination in drinking water have become increasingly important for evaluating long-term health risks in farming populations. By reconstructing spatially and temporally resolved exposure, these approaches allow assessment of chronic, low-dose ingestion pathways that are not well captured by occupational records or short-term biomonitoring. This section summarizes how modeled drinking water exposure has been applied in epidemiologic studies and reviews evidence linking such exposure to chronic disease outcomes.
5.1 Study Designs Using Modeled Exposure
Modeled drinking water exposure has been incorporated into a range of epidemiologic study designs, including cohort, case–control, and ecological–individual hybrid studies. Prospective and retrospective cohort studies are particularly well suited for this approach, as they enable linkage of long-term exposure estimates with incident disease outcomes over extended follow-up periods. In these studies, exposure models are commonly used to assign contamination levels to residential locations based on historical land use, agrochemical application patterns, and hydrological data (30,31).
Case–control studies have also applied modeled exposure metrics, especially for rare outcomes such as hematologic malignancies and neurodegenerative diseases. Spatial models allow retrospective assignment of exposure based on residential history, reducing reliance on self-reported exposure and minimizing recall bias. Ecological–hybrid designs combine area-level exposure modeling with individual-level health data to leverage large administrative datasets, although such approaches may be more susceptible to exposure misclassification (32).
A key advantage of modeled exposure metrics is their ability to capture cumulative and latency-relevant exposure through drinking water. These estimates incorporate variability in agrochemical use, environmental transport, and water sourcing, thereby improving exposure characterization compared with single-point measurements. Modeled exposure also facilitates evaluation of exposure gradients and dose–response relationships, strengthening causal inference when consistent associations are observed across populations and modeling frameworks (33).
5.2 Evidence for Specific Chronic Diseases
Cancer
A substantial body of epidemiologic evidence links modeled drinking water contamination with increased cancer risk in agricultural populations. Hematologic cancers, including non-Hodgkin lymphoma and leukemia, have been among the most frequently studied outcomes. Associations have also been reported for prostate and breast cancer in regions with intensive herbicide and nitrate contamination. These findings are biologically plausible given evidence of genotoxicity, endocrine disruption, and oxidative stress associated with certain agrochemicals (34).
Nitrate exposure through drinking water has received particular attention due to its potential to form N-nitroso compounds endogenously. These compounds are recognized carcinogens and may contribute to gastrointestinal and other cancers following long-term ingestion (3,4).
Neurologic Disorders
Neurologic outcomes represent another area of concern. Modeled exposure to pesticides in drinking water has been associated with increased risk of Parkinson’s disease, consistent with experimental evidence of dopaminergic neurotoxicity. Some studies have also explored associations with cognitive decline and other neurobehavioral outcomes, although results remain heterogeneous. Long latency periods and challenges in outcome ascertainment complicate interpretation (5,35).
Endocrine and Metabolic Disease
Endocrine and metabolic disorders, including thyroid dysfunction, diabetes, and obesity-related outcomes, have been examined in relation to agrochemical-contaminated drinking water. Compounds with endocrine-disrupting properties, such as atrazine and certain organophosphates, are of particular interest. Modeled exposure studies suggest that chronic low-dose ingestion may alter hormonal signaling and metabolic regulation, although findings vary depending on exposure assessment methods and confounder control (36).
Renal Outcomes
Renal outcomes, including chronic kidney disease, have been less extensively studied but are increasingly recognized as relevant in agricultural settings. Drinking water contamination with nitrates and pesticide mixtures may contribute to cumulative nephrotoxic effects, particularly among populations with long-term exposure and limited access to preventive healthcare. Emerging evidence suggests that kidney function may be sensitive to sustained low-level exposure, warranting further investigation (42).
5.3 Strength of Evidence and Exposure–Response Patterns
Across disease categories, evidence linking modeled drinking water exposure to chronic disease shows both consistency and variability. Stronger associations tend to be observed in studies that incorporate long-term exposure reconstruction, account for latency, and focus on populations with sustained reliance on private wells. In contrast, studies using short exposure windows or coarse spatial resolution often report weaker or null associations, likely reflecting exposure misclassification.
Exposure–response relationships provide important support for potential causality. Several studies have reported monotonic increases in disease risk across categories of modeled exposure, particularly for nitrates and selected herbicides. These gradients are more apparent when cumulative exposure metrics are used, underscoring the importance of duration and intensity in shaping chronic disease risk (37).
Conflicting findings across studies often reflect methodological differences rather than absence of effect. Variation in modeling approaches, disease definitions, and confounder adjustment complicates direct comparison. Nevertheless, the overall pattern of evidence supports the conclusion that long-term ingestion of agrochemical-contaminated drinking water contributes meaningfully to chronic disease risk in farming populations, particularly when exposure is sustained over decades (38).
Figure 2. Linking Modeled Drinking Water Agrochemical Exposure to Chronic Disease Risk[image: ]Fig 2: Linking Modeled Drinking Water Agrochemical Exposure to Chronic Disease Risk in Farming Populations.  This figure shows how modeled estimates of agrochemical contamination in drinking water are linked to chronic disease risk in farming populations. Long-term and cumulative exposure estimates are integrated into epidemiologic study designs to evaluate associations with cancer, neurologic, renal, and endocrine or metabolic outcomes, accounting for latency, exposure gradients, and biological plausibility.
Source: Created by the authors.
6. Methodological Challenges and Uncertainty
Despite advances in modeling agrochemical contamination of drinking water, several methodological challenges and sources of uncertainty remain. These limitations affect the precision of exposure estimates, the interpretation of epidemiologic associations, and the translation of findings into policy and public health action.
6.1 Exposure Misclassification
Exposure misclassification is a central limitation in studies relying on modeled drinking water contamination. Considerable heterogeneity exists among private wells with respect to depth, construction, maintenance, and source aquifers. However, many models assign uniform exposure estimates within geographic units, potentially obscuring localized contamination patterns. This limitation is particularly relevant in rural settings where well characteristics vary substantially across households (39,40).
Temporal misclassification also contributes to uncertainty. Modeled estimates often emphasize long-term averages and may not capture episodic contamination events, such as concentration spikes following heavy rainfall or seasonal application periods. In addition, monitoring data used for model calibration frequently exclude metabolites, formulation additives, and emerging compounds. As a result, modeled exposure may underestimate the true chemical burden in drinking water (41).
6.2 Confounding and Bias
Confounding presents a major challenge in attributing chronic disease risk specifically to drinking water exposure. Farmers are often exposed to agrochemicals through multiple pathways, including direct occupational handling, inhalation, and dermal contact. These pathways may correlate with drinking water contamination, making it difficult to disentangle their independent effects when detailed occupational histories are unavailable (42).
Lifestyle and socioeconomic factors further complicate interpretation. Variables such as smoking, diet, physical activity, and healthcare access may differ systematically across farming populations and may be associated with both exposure and disease outcomes. Rural residence itself is linked to structural barriers in healthcare access and disease detection, which can introduce bias in outcome ascertainment. Residual confounding may therefore persist even in well-designed studies (43).
6.3 Generalizability and Equity Considerations
The generalizability of findings from exposure modeling studies is shaped by regional variability in agricultural practices, climate, hydrology, and regulatory frameworks. Models developed for specific crops or regions may not perform equivalently elsewhere, limiting extrapolation across diverse agricultural contexts.
Equity considerations are increasingly recognized but remain insufficiently addressed. Small-scale, minority, and migrant farming populations are often underrepresented in epidemiologic datasets due to mobility, limited documentation, and exclusion from formal surveillance systems. These groups may face heightened exposure due to reliance on older wells, limited testing, and financial barriers to remediation. Failure to address these disparities risks reinforcing existing inequities in environmental health research and policy (44).
7. Prevention and Mitigation Strategies
Given the evidence linking agrochemical-contaminated drinking water to chronic disease risk, prevention and mitigation strategies are essential. Effective intervention requires action across multiple stages of the exposure pathway, from chemical use to water treatment.
7.1 Strategies to Reduce Agrochemical Use and Release
Reducing agrochemical use at the source represents a primary prevention strategy. Integrated pest management emphasizes non-chemical control methods and targeted application, reducing overall pesticide use without compromising crop productivity (1,4,6). Precision agriculture techniques improve application timing and spatial targeting, thereby minimizing runoff, leaching, and off-target contamination (1,11).
Regulatory controls also play a role. Restrictions on high-risk agrochemicals and revisions of approval processes can reduce long-term environmental persistence and exposure potential. However, regulatory implementation varies across regions and may lag behind emerging scientific evidence (18,45).
7.2 Strategies to Prevent Drinking Water Contamination
Land-based strategies aim to limit transport of agrochemicals into water sources. Vegetative buffer zones and improved land management practices reduce surface runoff and enhance natural filtration. These approaches are particularly effective near streams, rivers, and recharge zones (11–13).
Surveillance is equally important. Expanded monitoring programs can improve early detection of contamination and guide targeted interventions. Exposure modeling can be integrated into surveillance frameworks to identify high-risk areas and prioritize testing where direct measurements are limited (9,24,40).
7.3 Drinking Water Treatment and Purification
When contamination occurs, drinking water treatment provides a critical secondary line of defense. Regular testing of private wells is recommended in agricultural regions, although participation remains voluntary and uneven (14,17). Point-of-use treatment systems, such as activated carbon filtration, can effectively reduce concentrations of many pesticides and organic contaminants (14,39).
Nitrate removal systems, including ion exchange and reverse osmosis, are effective for reducing nitrate levels in drinking water. However, financial and technical barriers limit adoption in some farming communities. Improved access to testing, treatment technologies, and public health support is necessary to reduce exposure and protect long-term health.
8. Policy, Surveillance, and Risk Assessment Implications
The evidence linking agrochemical contamination of drinking water to chronic disease risk among U.S. farmers has important implications for environmental regulation, public health surveillance, and risk assessment frameworks. Current drinking water policies are primarily designed around public water systems, leaving private wells which serve a substantial proportion of agricultural households largely outside regulatory oversight. This regulatory gap limits early detection of contamination, delays intervention, and places responsibility for testing and remediation on individual households, many of which lack the resources to respond effectively (45).
Exposure modeling plays a critical role in addressing these gaps. By integrating data on agrochemical use, environmental transport, and hydrology, models can identify high-risk regions and populations before clinical disease manifests. Modeled exposure estimates can support risk-based prioritization of monitoring resources, guide targeted well-testing initiatives, and inform early-warning systems linked to agricultural practices or climatic extremes (46,47).
From a risk assessment perspective, incorporating modeled cumulative and mixture exposures would improve the relevance of regulatory standards for agricultural communities. Traditional assessments often rely on limited monitoring data and assume uniform exposure, potentially underestimating chronic low-level risks in private well–dependent populations. Integrating exposure modeling into public health surveillance and regulatory decision-making can help align protection standards with real-world exposure conditions and reduce preventable disease burden (48,49).
9. Future Directions and Research Priorities
Advancing understanding of agrochemical contamination in drinking water and its health impacts will require methodological innovation and improved data integration. Hybrid frameworks that combine exposure modeling with biomonitoring represent a critical next step. While modeling enables reconstruction of long-term and spatially heterogeneous exposure, biomonitoring provides direct evidence of internal dose and biological relevance. Integrating these approaches can improve validation of modeled estimates and reduce exposure misclassification, particularly for chemical mixtures (27).
Machine learning and high-resolution exposure modeling offer additional opportunities. Advances in computational methods allow integration of large datasets, including remote sensing, climate records, and agricultural management data, to generate fine-scale exposure estimates. These approaches may improve predictive performance and identify non-linear exposure–response relationships, although careful attention to interpretability and uncertainty remains essential (51).
Longitudinal farmer cohorts are also needed to address latency, cumulative exposure, and life-course vulnerability. Expanding existing cohorts to include detailed residential histories, water source information, and modeled exposure metrics would strengthen causal inference. New cohorts designed explicitly around environmental exposure assessment could improve representation of aging farmers and underserved populations (52).
10. Conclusion
Agrochemical contamination of drinking water represents a persistent and underrecognized pathway linking agricultural practices to chronic disease risk among U.S. farmers. Because direct monitoring and biomonitoring alone are insufficient to capture long-term, low-dose exposure—particularly in private well–dependent communities—exposure modeling provides a critical bridge between environmental contamination and human health outcomes.
The evidence synthesized in this review demonstrates that drinking water contamination contributes meaningfully to chronic diseases, including cancer, neurologic, endocrine, metabolic, and renal conditions. Long-term residence in agricultural environments, reliance on private wells, and regulatory gaps amplify vulnerability and raise important health equity concerns. Addressing these risks requires moving beyond occupational exposure paradigms to fully account for environmental and residential pathways.
The conceptual framework presented in this review integrates agrochemical use, environmental transport, drinking water contamination, and biological mechanisms into a coherent exposure–disease pathway. Applying this framework through advanced modeling, improved surveillance, and targeted prevention strategies can support more effective risk assessment and policy action. Ultimately, protecting farmer health will require coordinated efforts across agriculture, environmental regulation, and public health to ensure that drinking water safety reflects real-world exposure conditions and long-term disease risk.
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