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Abstract
Agrochemical contamination of drinking water is a pervasive but underrecognized environmental health risk in U.S. agricultural communities. Farmers and their families are uniquely vulnerable due to intensive chemical use, residential proximity to treated fields, long-term reliance on private wells, and regulatory gaps in water quality monitoring. Chronic exposure to low levels of pesticides, herbicides, and nutrients through drinking water has been increasingly linked to adverse health outcomes, yet direct monitoring and biomonitoring approaches remain insufficient to characterize cumulative, long-term exposure relevant to chronic disease etiology. 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 U.S. farmers. We discuss major classes of agrochemicals of concern, including herbicides, insecticides, nitrates, and their metabolites, and critically evaluate environmental fate and transport models, spatial and temporal exposure models, and emerging mixture-based frameworks. We further review epidemiologic evidence linking modeled drinking water exposure to cancer, neurologic, endocrine, metabolic, and renal outcomes, highlighting the importance of exposure duration, intensity, and latency. Key methodological challenges, including exposure misclassification, confounding by occupational and socioeconomic factors, and limited generalizability, are examined alongside implications for surveillance and risk assessment. We conclude by outlining future research priorities and policy needs, emphasizing hybrid modeling–biomonitoring approaches and translation of cumulative exposure evidence into preventive regulation. Modeling agrochemical contamination in drinking water is essential for advancing farmer health equity and informing integrated environmental–occupational health strategies.
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1. Introduction
1.1 Agrochemical Use and Water Contamination in U.S. Agriculture
Modern U.S. agriculture relies heavily on agrochemicals, including herbicides, insecticides, fungicides, and synthetic fertilizers, to sustain crop yields and ensure food security. Millions of kilograms of active ingredients are applied annually across diverse cropping systems, with use intensity varying by region, crop type, and season. While these inputs have delivered substantial agronomic benefits, their widespread and repeated application has raised persistent concerns about off-target environmental contamination, particularly of drinking water sources in agricultural landscapes(1,2).
Agrochemicals can enter groundwater and surface water through multiple pathways, including leaching through permeable soils, surface runoff following precipitation events, spray drift, and subsurface drainage(3). Chemical properties such as solubility, persistence, and degradation rates interact with environmental factors, soil composition, aquifer vulnerability, land slope, and climate variability to determine transport and fate. As a result, 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).
A critical dimension of this issue is the reliance of many farming households on private drinking water wells. Unlike public water systems, private wells are largely unregulated at the federal level and are not subject to routine monitoring or mandatory treatment. Consequently, contamination can persist undetected for years, creating conditions for long-term, low-dose exposure among farming families. This regulatory gap places agricultural communities at the intersection of intensive chemical use and limited water quality oversight, amplifying potential health risks.
1.2 Chronic Disease Burden Among U.S. Farmers
Farmers and agricultural workers experience a distinct profile of chronic disease risks 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, alongside increased prevalence of neurologic disorders such as Parkinson’s disease. Emerging evidence also links agricultural exposures to endocrine disruption, metabolic disorders, chronic kidney disease, and adverse cardiovascular outcomes(5).
A defining feature of health risk in farming populations is the dual exposure context. Farmers are exposed occupationally through direct handling and application of agrochemicals, as well as environmentally through residential proximity to treated fields and contaminated water sources. Drinking water exposure represents a continuous, often lifelong pathway that can operate independently of active farming status, extending risks to family members and aging farmers long after occupational exposure has ceased(4,6,7).
Despite these risks, health surveillance in farming populations remains fragmented. Many large-scale health datasets lack detailed occupational histories, residential exposure information, or high-resolution environmental data. Underdiagnosis, limited access to specialty care in rural areas, and variability in health reporting further complicate disease tracking. These gaps hinder the ability to fully characterize long-term disease burdens and to attribute risks to specific environmental exposures such as drinking water contamination.
1.3 Why Modeling Matters
Direct monitoring of agrochemicals in drinking water and biomonitoring of exposed individuals are essential but inherently limited. Monitoring data are often spatially sparse, temporally inconsistent, and biased toward regulated public water systems, leaving private wells underrepresented. Biomonitoring, while informative for recent exposure, typically reflects short biological half-lives and may fail to capture cumulative or historical exposure relevant to chronic disease development(8).
Exposure modeling offers a complementary and, in many cases, indispensable approach. By integrating data on agrochemical use, environmental transport, hydrology, land use, and water sources, models can reconstruct spatially and temporally resolved exposure estimates over extended periods. These approaches enable assessment of cumulative exposure, identification of high-risk regions and populations, and evaluation of exposure gradients that are otherwise unobservable(9).
Importantly, modeled exposure metrics can be linked to epidemiologic data to strengthen causal inference and support risk assessment. They also provide a critical evidence base for policy decisions, including the prioritization of contaminants for regulation, the targeting of monitoring resources, and the development of preventive interventions for vulnerable agricultural communities.
1.4 Scope and Objectives of This Review
This review synthesizes the current state of knowledge on modeling agrochemical contamination in drinking water and its implications for chronic disease risk among U.S. farmers. Rather than cataloging individual exposure–outcome studies, the review focuses on modeling frameworks and methodological approaches used to estimate drinking water contamination and long-term exposure. Emphasis is placed on drinking water pathways as a distinct and underappreciated contributor to chronic, non-communicable disease risk in agricultural populations.
The objectives are to (i) summarize key agrochemicals of concern in U.S. drinking water, (ii) critically evaluate modeling approaches used to estimate exposure, (iii) assess how modeled exposures have been linked to chronic disease outcomes, and (iv) identify methodological challenges and future directions relevant to environmental health research and policy.
2. Conceptual Framework: From Agrochemical Use to Chronic Disease
Understanding the relationship between agrochemical use and chronic disease among U.S. farmers requires an integrated conceptual framework that links environmental processes, exposure pathways, and population-specific vulnerabilities. Agrochemical contamination of drinking water is not a single-point event but the cumulative outcome of chemical application practices, environmental transport and fate, water sourcing, and long-term human exposure(10). This framework provides the foundation for exposure modeling approaches and informs interpretation of epidemiologic findings.
2.1 Environmental Transport and Fate
Following application, agrochemicals are subject to a range of environmental transport and transformation processes that determine their persistence and movement through agricultural landscapes. Leaching is a primary pathway for groundwater contamination, particularly for water-soluble and weakly sorbed compounds such as nitrates and certain herbicides. In regions with permeable soils or shallow aquifers, agrochemicals can migrate rapidly below the root zone and enter drinking water sources. Surface runoff, driven by rainfall and irrigation events, contributes to contamination of streams, rivers, and reservoirs, especially in areas with sloped terrain or limited vegetative cover(11,12).
Volatilization and spray drift can transport agrochemicals beyond application sites, leading to secondary deposition on soils and water bodies. Once in the environment, degradation processes, including microbial metabolism, photolysis, and chemical hydrolysis, may reduce parent compound concentrations but can also generate metabolites with distinct toxicological profiles and environmental persistence. The balance between transport and degradation is strongly influenced by soil characteristics, including texture, organic matter content, and pH, as well as by hydrological conditions such as recharge rates and groundwater flow patterns(13).
Climate variability further modulates these processes. Intense precipitation events can enhance runoff and leaching, while prolonged dry periods may concentrate contaminants in shallow aquifers. Cropping systems and management practices, including crop rotation, tillage, and timing of application, also shape the spatial and temporal distribution of agrochemical residues in water resources.
2.2 Drinking Water Exposure Pathways
Drinking water serves as a critical exposure pathway linking environmental contamination to human health. In agricultural regions, a substantial proportion of households rely on private wells that draw from shallow groundwater sources, which are particularly vulnerable to contamination. Unlike public water systems, private wells are not subject to routine monitoring, treatment requirements, or enforceable contaminant standards, resulting in significant variability in exposure levels across households(14).
Exposure through drinking water is characterized by both seasonal and long-term variability. Seasonal fluctuations in agrochemical application and precipitation patterns can produce episodic spikes in contaminant concentrations, while chronic low-level contamination may persist over decades. Long-term exposure is especially relevant for chronic disease etiology, as repeated ingestion of contaminated water can lead to cumulative internal doses even when individual measurements fall below regulatory thresholds(15).
2.3 Farmer-Specific Risk Context
Farmers experience a unique risk context shaped by residential proximity to treated fields and long-term residence in agricultural environments. Many farming households live on or adjacent to cropland, increasing the likelihood that locally applied agrochemicals affect nearby water sources. Long durations of residence, often spanning multiple decades, amplify cumulative exposure and increase the relevance of historical contamination patterns.
Social and regulatory factors further contribute to vulnerability. Limited access to water testing, financial barriers to remediation, and regulatory exclusions for private wells create conditions in which exposure may remain unrecognized and unaddressed. Together, these factors underscore the importance of conceptualizing agrochemical exposure as a chronic, place-based risk, rather than an isolated environmental hazard(16).
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Conceptual Framework Linking Agrochemical Application to Chronic Disease Risk through Drinking Water Exposure Among U.S. Farmers. Framework showing how agrochemical use leads to groundwater and surface water contamination through leaching, runoff, and drift, contributing to drinking water exposure from private wells and public systems. Spatial and temporal exposure modeling estimates cumulative and mixture exposures, while farmer-specific vulnerabilities modify chronic disease risk.
3. Agrochemicals of Concern in Drinking Water
Agrochemical contamination of drinking water in the United States encompasses a heterogeneous group of compounds with diverse physicochemical properties, environmental behaviors, and toxicological profiles. Among farming communities, exposure through drinking water is shaped not only by the volume and frequency of chemical application but also by persistence, mobility, and regulatory oversight(17). This section highlights key agrochemicals of concern, with emphasis on compounds most frequently detected in agricultural water sources and most plausibly linked to chronic disease risk.
3.1 Pesticides and Herbicides
Herbicides and insecticides constitute the dominant class of agrochemicals detected in U.S. agricultural watersheds. Atrazine remains one of the most extensively studied herbicides due to its widespread historical use in corn production and its high mobility in soil. Its moderate persistence and tendency to leach into groundwater have resulted in frequent detection in both surface water and private wells, particularly in the Midwest. Atrazine is a well-characterized endocrine disruptor, with experimental and epidemiologic evidence linking exposure to hormonal dysregulation, reproductive effects, and increased cancer risk, making it a persistent concern despite use restrictions in some jurisdictions(18).
Glyphosate, currently the most widely used herbicide in the United States, presents a more complex exposure profile. Although glyphosate binds strongly to soil particles, its extensive use and the presence of mobile degradation products such as aminomethylphosphonic acid (AMPA) have led to increasing detection in surface water and, in some cases, groundwater. The toxicological profile of glyphosate and its formulations remains contested, particularly with respect to carcinogenicity and metabolic effects, underscoring the need for refined exposure assessment through modeling approaches(19).
Chlorpyrifos and related organophosphate insecticides are of concern due to their neurotoxic properties and potential for developmental and chronic neurologic effects. While regulatory actions have reduced some uses, legacy contamination and continued application in certain agricultural sectors sustain exposure potential. Organophosphates are typically less persistent than herbicides but can be highly toxic at low concentrations, and episodic contamination of drinking water following application events has been documented. Detection frequency varies regionally, reflecting differences in crop type, pest pressure, and regulatory enforcement(20).
3.2 Nutrients and Co-Contaminants
Nitrates and nitrites represent the most ubiquitous contaminants in agricultural drinking water and are a primary driver of groundwater impairment in farming regions. Derived largely from nitrogen-based fertilizers and animal waste, nitrates are highly soluble and readily leach into groundwater, particularly in areas with intensive row-crop agriculture and shallow aquifers. Elevated nitrate concentrations are commonly observed in private wells, often exceeding federal drinking water standards(21).
Beyond their established association with methemoglobinemia, nitrates have been implicated in a range of chronic health outcomes, including colorectal cancer, thyroid dysfunction, and adverse cardiometabolic effects. Importantly, nitrates may act synergistically with pesticides and other organic contaminants. Co-exposure can enhance nitrosamine formation or exacerbate oxidative stress and endocrine disruption, suggesting that single-chemical risk assessments may underestimate true health risks in agricultural settings(22).
3.3 Emerging and Understudied Compounds
In addition to parent compounds, metabolites and degradation products represent an underappreciated component of drinking water contamination. Many pesticide metabolites are more mobile and persistent than their parent chemicals and may retain biological activity. For example, atrazine degradates are frequently detected at concentrations comparable to or exceeding those of atrazine itself, yet are less consistently monitored and regulated(23).
Data gaps remain substantial for emerging compounds, including newer pesticides, formulation additives, and transformation products formed during water treatment. Monitoring programs often prioritize a limited set of regulated chemicals, leaving many agrichemicals unmeasured. These gaps complicate exposure modeling and hinder comprehensive risk assessment. Addressing these limitations will require expanded monitoring, improved analytical methods, and modeling frameworks capable of accounting for chemical mixtures and transformation pathways.

4. Modeling Agrochemical Contamination in Drinking Water
Modeling approaches play a central role in characterizing agrochemical contamination of drinking water, particularly in agricultural regions where direct monitoring is sparse, temporally inconsistent, or biased toward regulated public systems. These models translate information on chemical use, environmental processes, and landscape characteristics into estimates of spatially and temporally resolved exposure(24). This section synthesizes the major modeling frameworks used in the literature, highlighting their applications, strengths, and limitations for exposure assessment in studies of chronic disease risk among U.S. farmers. A summary of these approaches is provided in Table 1, which is referenced throughout this section.
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 simulate water movement through soil profiles, unsaturated zones, and aquifers, allowing estimation of contaminant fluxes into groundwater and surface water sources used for drinking water(25).
Such models are particularly valuable for understanding how environmental conditions influence contamination patterns. By incorporating parameters related to soil texture, organic matter content, rainfall, irrigation, and chemical-specific properties, fate and transport models can capture heterogeneity across agricultural landscapes. They are often used to identify vulnerable regions, estimate long-term average concentrations, and evaluate the impact of changes in agricultural practices or climate conditions(11,25).
However, their application to human exposure assessment has limitations. These models are data-intensive, requiring detailed input information that may not be available at large spatial scales. Parameter uncertainty can propagate through simulations, and outputs are sensitive to assumptions about chemical application timing and rates. As summarized in Table 1, fate and transport models are most effective for scenario analysis and mechanistic understanding, but less suited for direct linkage to individual-level epidemiologic data without additional modeling layers.
4.2 Spatial and Geospatial Modeling Approaches
Spatial modeling approaches translate environmental and land-use 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 data are combined to generate exposure surfaces that estimate contaminant concentrations or relative exposure levels across space(9).
Land-use regression (LUR) models represent a widely used statistical approach within this category. LUR models relate measured contaminant concentrations in water to surrounding land-use characteristics, agricultural activity, and environmental predictors. Once calibrated, they can be applied to unmonitored locations to estimate exposure. As shown in Table 1, these models balance interpretability and scalability, making them particularly useful in large population-based studies.
Remote sensing data increasingly complement GIS-based models by providing high-resolution information on crop type, vegetation cover, and irrigation patterns. Satellite-derived indicators can improve temporal alignment between agrochemical application and environmental conditions, enhancing model performance. Nonetheless, spatial models may oversimplify subsurface processes and are limited by the quality and representativeness of available monitoring data used for calibration(26).
4.3 Temporal Modeling and Cumulative Exposure
Chronic disease risk is shaped 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 allow estimation of cumulative exposure metrics, such as time-weighted averages or cumulative dose indices, which are more biologically relevant for chronic outcomes(27).
Lag structures are commonly incorporated to account for latency periods between exposure and disease onset. For example, exposures occurring decades prior may be most relevant for cancer development, while shorter lags may apply to endocrine or metabolic effects. Temporal models also enable identification of critical exposure windows, such as early adulthood or periods of peak agricultural activity(28).
Despite their importance, temporal models are constrained by data availability. Historical records of agrochemical application and water quality are often incomplete, requiring assumptions or imputation. As indicated in Table 1, temporal reconstruction improves etiologic relevance but increases uncertainty, underscoring the need for sensitivity analyses in epidemiologic applications.
4.4 Multi-Chemical and Mixture Modeling
Agricultural drinking water contamination rarely involves single compounds; rather, it reflects complex mixtures of pesticides, nutrients, and degradation products. Mixture modeling approaches seek to address this reality by estimating combined exposure and joint health effects. Additive frameworks, such as cumulative exposure indices, assume independent effects that sum across chemicals, while interactive models allow for synergistic or antagonistic interactions(29).
Statistical challenges arise due to correlated agrochemical use, as chemicals are often applied together or sequentially within the same cropping systems. Collinearity complicates attribution of effects to individual compounds and can destabilize model estimates. Advanced approaches, including dimension-reduction techniques and Bayesian hierarchical models, have been used to address these challenges, as summarized in Table 1.
Mixture modeling remains an evolving area, but it is critical for avoiding underestimation of risk in real-world agricultural settings. Incorporating mixture frameworks into exposure modeling 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 Modeled Exposure to Chronic Disease Risk
Model-based estimates of agrochemical contamination in drinking water have increasingly been integrated into epidemiologic research to overcome limitations of sparse monitoring and short-term biomonitoring. By providing spatially and temporally resolved exposure metrics, these approaches enable more refined assessment of long-term environmental risks relevant to chronic disease etiology among U.S. farmers and agricultural communities(30).
5.1 Epidemiologic Study Designs Using Modeled Exposure
Modeled exposure estimates have been applied across a range of epidemiologic study designs, including cohort, case–control, and ecological–individual hybrid studies. Prospective and retrospective cohort studies are particularly well suited to the use of modeled exposure, as they allow linkage of long-term exposure estimates with incident disease outcomes over extended follow-up periods. In these studies, exposure models are often used to assign time-varying contamination levels to residential locations, enabling reconstruction of cumulative or lagged exposure relevant to disease development(31).
Case–control studies have also employed modeled exposure metrics, particularly for rare outcomes such as hematologic malignancies or neurodegenerative diseases. In this context, spatial models allow retrospective assignment of exposure based on historical residence, reducing reliance on self-reported exposure histories. Ecological–hybrid designs, which combine area-level exposure modeling with individual-level health data, have been used to leverage large administrative datasets while partially mitigating ecological bias(32).
A key strength of modeled exposure metrics is their ability to capture chronic, low-dose exposure through drinking water, an exposure pathway that is poorly characterized by occupational records or short-term biomonitoring. Modeled estimates can incorporate variability in agrochemical use, environmental transport, and water sourcing, thereby reducing non-differential exposure misclassification. Additionally, these approaches facilitate evaluation of exposure gradients and dose–response relationships, strengthening causal inference when consistent patterns are observed across models and populations(33).
5.2 Chronic Disease Outcomes Reviewed
A substantial body of epidemiologic research has linked modeled drinking water contamination to cancer outcomes in agricultural populations. Hematologic cancers, including non-Hodgkin lymphoma and leukemia, have been among the most frequently studied, reflecting both biologic plausibility and historical concerns related to pesticide exposure. Associations have also been reported for prostate and breast cancer, particularly in regions with intensive herbicide and nitrate contamination, although findings vary by study design and exposure metric(34).
Neurologic outcomes represent another area of growing concern. Modeled exposure to pesticides in drinking water has been associated with increased risk of Parkinson’s disease, consistent with mechanistic evidence of dopaminergic neurotoxicity. Emerging studies have also explored cognitive decline and other neurobehavioral outcomes, though evidence remains less consistent, reflecting challenges in outcome ascertainment and long latency periods(35).
Endocrine and metabolic diseases, 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. While associations have been reported, especially for nitrate exposure and metabolic outcomes, heterogeneity in exposure assessment and confounder control complicates interpretation(36).
Renal outcomes, including chronic kidney disease, have received comparatively less attention but are increasingly recognized as relevant in agricultural settings. Drinking water contamination with nitrates and pesticide mixtures may contribute to cumulative nephrotoxic effects, particularly in populations with long-term exposure and limited access to preventive healthcare.
5.3 Evidence Synthesis
Across disease categories, the epidemiologic evidence linking modeled drinking water exposure to chronic disease risk shows both consistency and variability. Stronger and more consistent associations tend to emerge 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 findings, likely reflecting exposure misclassification.
Exposure–response patterns provide important insights into potential causal relationships. Several studies have reported monotonic increases in disease risk across modeled exposure categories, particularly for nitrates and select 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 the true absence of effect. Variability in modeling approaches, outcome definitions, and confounder adjustment complicates direct comparison. Nevertheless, the overall pattern of evidence suggests that long-term, low-level drinking water contamination contributes meaningfully to chronic disease risk in farming populations, particularly when exposure is sustained over decades(38). To clarify how exposure modeling is operationalized in epidemiologic research, Figure 2 schematically depicts the pathways linking environmental contamination models to chronic disease outcomes.

[image: ]Figure 2. Linking Modeled Drinking Water Agrochemical Exposure to Chronic Disease Risk.  Conceptual overview of how modeled agrochemical contamination in drinking water is translated into epidemiologic exposure metrics and linked to chronic disease outcomes. Environmental fate, spatial, and temporal models generate estimates of long-term drinking water contamination, which are assigned to residential locations and incorporated into cohort and case–control analyses to estimate risks of cancer, neurologic, endocrine, metabolic, renal, and cardiometabolic diseases.

6. Methodological Challenges and Sources of Uncertainty
Despite advances in modeling agrochemical contamination of drinking water, important methodological challenges and sources of uncertainty remain. These limitations influence the precision of exposure estimates, the validity of epidemiologic associations, and the extent to which findings can inform policy and public health interventions.
6.1 Exposure Misclassification
Exposure misclassification is a central challenge in studies relying on modeled drinking water contamination. Substantial variability exists among private wells in terms of depth, construction, maintenance, and source aquifers, yet many models assign uniform exposure estimates within geographic units. This can obscure localized contamination patterns and lead to non-differential misclassification, particularly when monitoring data are sparse or absent. Additionally, episodic contamination events such as spikes following heavy rainfall or application periods may not be captured by models that emphasize long-term averages(39,40).
Unmeasured contaminants further contribute to uncertainty. Monitoring programs typically focus on a limited set of regulated agrochemicals, leaving metabolites, formulation additives, and emerging compounds underrepresented. As a result, modeled exposure may reflect only a subset of the true chemical burden. Assumptions embedded in modeling inputs such as application rates, degradation kinetics, and hydrologic parameters can also introduce error. While sensitivity analyses can partially address these uncertainties, exposure misclassification remains a persistent limitation that may attenuate observed exposure–disease associations(41).
6.2 Confounding and Bias
Confounding poses a significant challenge in linking modeled drinking water exposure to chronic disease outcomes. Farmers are often exposed to agrochemicals through multiple pathways, including direct occupational handling, inhalation, and dermal contact, which may correlate with drinking water contamination. Disentangling the independent contribution of drinking water exposure from occupational exposure is difficult, particularly when detailed work histories are unavailable(42).
Lifestyle and socioeconomic factors further complicate interpretation. Smoking, diet, physical activity, and healthcare access vary across farming populations and may correlate with both exposure and disease risk. Rural residence itself is associated with structural determinants of health, including limited access to preventive care and diagnostic services, which can bias outcome ascertainment. Inadequate control for these factors may result in residual confounding or differential misclassification, particularly in studies relying on administrative health data(43).
6.3 Generalizability and Equity Considerations
The generalizability of findings from exposure modeling studies is shaped by regional heterogeneity in agricultural practices, climate, hydrology, and regulatory environments. Models developed for specific crops or regions may not perform equivalently elsewhere, limiting extrapolation across diverse agricultural contexts. Additionally, national datasets may mask localized hotspots of exposure and risk.
Equity considerations are increasingly recognized but remain underaddressed. Small-scale, migrant, and minority farmers are often underrepresented in epidemiologic studies due to data limitations, mobility, and exclusion from formal surveillance systems. These populations may face heightened exposure due to reliance on older wells, limited testing, and financial barriers to remediation. Addressing these gaps is essential for ensuring that exposure modeling and risk assessment efforts do not reinforce existing inequities in environmental health research and policy(44).

7. Implications for Policy, Surveillance, and Risk Assessment
The growing body of evidence linking modeled agrochemical contamination in drinking water to chronic disease risk among U.S. farmers has important implications for environmental regulation, public health surveillance, and risk assessment frameworks. Current policies governing drinking water safety are primarily designed around public water systems, leaving private wells which serve a substantial proportion of agricultural households largely unregulated. This regulatory blind spot limits early detection of contamination, delays intervention, and places the burden of testing and remediation on individual households. Given the demonstrated vulnerability of shallow aquifers in agricultural regions, reliance on voluntary testing is insufficient to protect long-term health(45).
Exposure modeling offers a powerful tool for preventive public health by identifying high-risk regions and populations before clinical disease manifests. Models can be used to prioritize monitoring resources, guide targeted well-testing initiatives, and support early-warning systems for contamination linked to agricultural practices or climatic extremes(46,47). By integrating environmental, agricultural, and hydrologic data, modeling approaches enable risk-based surveillance that moves beyond reactive responses to contamination events.
From a regulatory perspective, modeled exposure estimates can inform the development and revision of health-based standards. Traditional risk assessments often rely on limited monitoring data and assume uniform exposure, potentially underestimating chronic, low-level risks in agricultural settings. Incorporating modeled cumulative and mixture exposures into risk assessment frameworks would improve relevance for farming populations and better reflect real-world conditions. These approaches also provide an evidence base for evaluating the health implications of agricultural policies, including pesticide approval, fertilizer management, and land-use planning(48).
Effective integration of exposure modeling into agricultural and environmental policy requires cross-sector collaboration. Data-sharing between agricultural agencies, environmental regulators, and public health institutions is essential to support comprehensive exposure assessment. Additionally, translating model outputs into actionable policy requires clear communication of uncertainty and risk to stakeholders, including farmers, local health departments, and policymakers. Strengthening these linkages can help ensure that scientific advances in exposure modeling translate into meaningful reductions in disease risk and improved health equity in agricultural communities(49).
Policy and Public Health Recommendations for Protecting U.S. Farmers from Drinking Water Agrochemical Exposure
· Expand subsidized or mandatory testing programs for private wells in agricultural regions
· Integrate exposure modeling into national and state-level water quality surveillance
· Incorporate cumulative and mixture exposure metrics into regulatory risk assessments
· Strengthen data integration across agricultural, environmental, and health sectors
· Support targeted remediation and education initiatives for high-risk farming communities(50)

8. Future Directions and Research Priorities
Advancing understanding of agrochemical contamination in drinking water and its implications for chronic disease risk among U.S. farmers will require methodological innovation, improved data integration, and closer alignment between research and policy. Several priority directions emerge from the current evidence base.
Hybrid frameworks that integrate exposure modeling with biomonitoring represent a critical next step. While modeling approaches are essential for reconstructing long-term and spatially heterogeneous exposure, biomonitoring provides direct evidence of internal dose and biological relevance. Combining these approaches can improve validation of modeled estimates, reduce exposure misclassification, and clarify dose–response relationships, particularly for mixtures of agrochemicals and their metabolites(27).
Machine learning and high-resolution exposure modeling offer additional opportunities to enhance precision and scalability. Advances in computational methods enable integration of large, complex datasets, including remote sensing, climate records, and agricultural management data, to generate fine-scale exposure estimates. Machine learning techniques may improve predictive performance and uncover non-linear relationships, though their application must be accompanied by careful attention to interpretability and uncertainty to ensure utility for epidemiologic inference and policy decision-making(51).
Longitudinal farmer cohorts are essential for addressing latency, cumulative exposure, and life-course vulnerability. Existing cohorts should be expanded to incorporate detailed residential histories, water source information, and modeled exposure metrics. New cohorts designed explicitly around environmental exposure assessment could strengthen causal inference and allow examination of susceptible subgroups, including aging farmers and underrepresented populations(52).
Finally, translating research findings into enforceable standards remains a central challenge. Modeled evidence of chronic, low-level exposure should inform revision of drinking water guidelines, particularly for private wells that fall outside regulatory oversight. Bridging the gap between scientific modeling and regulatory action will require collaboration among researchers, regulators, and agricultural stakeholders to ensure that exposure limits and mitigation strategies reflect real-world conditions and protect long-term health in farming communities.

9. 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-level exposure, particularly in private well–dependent communities, modeling approaches have emerged as a critical bridge between environmental contamination and human health outcomes. By integrating data on agrochemical use, environmental transport, and water sourcing, exposure models enable reconstruction of cumulative exposure patterns that are central to chronic disease etiology.
The evidence synthesized in this review highlights the relevance of drinking water contamination for a range of chronic conditions, including cancer, neurologic, endocrine, metabolic, and renal diseases. Importantly, reliance on private wells, long-term residence in agricultural environments, and regulatory gaps place many farmers at heightened risk, raising concerns about health equity. Exposure modeling provides a means to identify vulnerable populations, guide targeted surveillance, and inform preventive interventions before disease burden becomes irreversible.
Moving forward, protecting farmer health will require integrated environmental–occupational health strategies that align agricultural policy, water regulation, and public health surveillance. Incorporating modeled exposure into risk assessment and regulatory frameworks can help close existing protection gaps and ensure that standards reflect real-world conditions. Ultimately, advancing and applying these modeling approaches is essential for reducing preventable chronic disease and promoting sustainable, health-conscious agricultural systems.
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Figure 1. Conceptual Framework Linking Agrochemical Application to Chronic Disease Risk through Drinking Water Exposure Among US. Farmers.
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Figure 2. Summarized analytic pathways linking modeled agrochemical contamination in drinking water
to chronic disease outcomes in agricultural populations.




