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ABSTRACT: Contaminated drinking water from widespread
environmental pollutants such as perfluoroalkyl and polyfluoroalkyl
substances (PFAS) poses a rising threat to public health. PFAS
monitoring in groundwater is limited and fails to consider
pesticides found to contain PFAS as a potential contamination
source. Given previous findings on the disproportionate exposure
of communities of Color to both pesticides and PFAS, we
investigated disparities in PFAS-contaminated pesticide applica-
tions in California based on community-level sociodemographic
characteristics. We utilized statewide pesticide application data
from the California Department of Pesticide Regulation and
recently reported concentrations of PFAS chemicals detected in
eight pesticide products to calculate the areal density of PFAS
applied within 1 km of individual community water systems’ (CWSs) supply wells. Spatial regression analyses suggest that statewide,
CWSs that serve a greater proportion of Latinx and non-Latinx People of Color residents experience a greater areal density of PFAS
applied and greater likelihood of PFAS application near their public supply wells. These results highlight agroecosystems as
potentially important sources of PFAS in drinking water and identify areas that may be at risk of PFAS contamination and warrant
additional PFAS monitoring and remediation.
KEYWORDS: Environmental Justice, Human Right to Water, Community Water Systems (CWSs), Pollution, Disparities, PFAS,
Pesticides

1. INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are a class of
synthetic chemicals used ubiquitously in commercial products
and industrial processes.1,2 Recognized PFAS sources include
chrome plating facilities, airports permitted to use PFAS-
containing aqueous film-forming foam (AFFF), and military
training sites.3 PFAS released from point sources through
effluent discharge and other media undergo environmental
transport through air, soil, surface water, and groundwater
interactions, resulting in aquifer contamination.4−6 Due to the
increasing threat of PFAS to drinking water quality, its
ubiquitous detection in human blood samples,7 and growing
evidence of health effects,8−11 several PFAS species are
currently undergoing regulatory action under the Safe Drinking
Water Act, and the EPA recently announced a final National
Primary Drinking Water Regulation for six PFAS.12

Current efforts to understand and model PFAS distribution
may be limited by missing and incomplete data on sources of
PFAS contamination, especially within rural communities. A
clustering method used to attribute mixtures of PFAS to

different sources in surface water in New York and Rhode
Island performed well overall but performed poorly in rural
areas where the model failed to attribute PFAS detected in
rural surface water to a PFAS source with the same level of
reliability as models performed in urban areas.13 It is possible
that significant PFAS sources may be missing from data sets
used in source attribution models, which could explain poor
model performance in rural areas. Another study that used
machine learning to predict 35 PFAS species in California
groundwater performed better for some PFAS species than
others but did not include variables for region, rurality, or
agricultural area,14 so it is unclear if model performance varied
by land use type.
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Pesticide products have recently come under scrutiny as a
potential environmental source of PFAS following the
detection of PFAS chemicals (perfluorobutanesulfonic acid
[PFBS], perfluorobutanoic acid [PFBA], perfluorooctanesul-
fonic acid [PFOS], perfluoroheptanesulfonic acid [PFHpS],
perfluorooctanoic acid [PFOA], and hexafluoropropylene
oxide dimer acid [HFPO−DA]) in varying concentrations in
multiple pesticides.15−17 Despite ongoing debate about the
underlying source of PFAS in pesticides,18 this is a significant
concern given the breadth and mass of pesticide applications in
agricultural areas and our current understanding of water
quality challenges already faced by rural, agricultural
communities reliant on groundwater.
Eighty-five percent of residents in California rely on

groundwater for some or all of their drinking water supply,19

typically delivered by community water systems (CWSs; i.e.
systems that serve at least 25 people year-round or have at least
15 service connections).20,21 In 2022, 376 CWSs serving over
1.2 million Californians were out of compliance with water
quality regulations at one point throughout the year.22 Small
CWSs (i.e., systems with 15−199 service connections) face
additional challenges meeting safety standards from regulated
drinking water contaminants (i.e., arsenic and nitrate), due to
widespread groundwater contamination, aging infrastructure,
and a lack of technical and financial resources to meet
regulatory standards.21,23−25

There is a paucity of data on PFAS in California’s drinking
water. The US Environmental Protection Agency’s (EPA)
third round of sampling for the Unregulated Contaminant
Monitoring Rule (UCMR3) tested for 6 PFAS at the point of
delivery (i.e., treated water) between 2013 and 2015 in 456
public drinking water systems26,27 and UCMR5 will test for 29
PFAS in an expanded list of water systems.27,28 Approximately

24% of national UCMR5 results have been released so far, and
testing is expected to conclude in 2025.27 The California State
Water Resources Control Board (SWRCB) has also released
data on 18 PFAS sampled in 2019 and 2020 for 2,915 public
supply wells, which represents approximately 12% of municipal
supply wells in the state.29,30

Although environmental justice research on PFAS is limited,
preliminary evidence from Liddie et al. that relied on
monitoring data from 18 states (including UCMR3 data and
SWRCB sampling in California) revealed that CWSs serving
higher proportions of Latinx and non-Latinx Black residents
across the U.S. are associated with a greater likelihood of PFAS
contamination.31 Given previous environmental justice re-
search in California showing that lack of access to safe drinking
water−particularly among populations served by small CWSs−
disproportionately impacts rural, low-income Latinx commun-
ities,21,23,24 additional research is needed to elucidate possible
inequities in PFAS exposure, especially as new sources of PFAS
are discovered. This research can also support regulatory
efforts: The California SWRCB has made a formal commit-
ment to support environmental and racial justice, stating that
these goals will be achieved when race is no longer a predictor
of water quality and all racial and ethnic groups receive equal
protection from environmental hazards.32

We assessed the threat of PFAS applied near drinking water
supplies due to the application of pesticide products. Focusing
on the distributive dimension of environmental justice,33 we
evaluated the spatial applications of eight pesticide products
recently found to contain PFAS.15−17 We spatially integrated
pesticide use data from the California Department of Pesticide
Regulation’s (DPR) Pesticide Use Reporting (PUR) pro-
gram,34 sociodemographic data from the US Census Bureau’s
American Community Survey (ACS),35−37 and public drinking

Figure 1. Conceptual Diagram: Relationship between community level racial/ethnic composition and PFAS-pesticides, modified by poverty and
housing tenure.
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water supply well locations30 and CWS service area
boundaries38 from the SWRCB. We developed statewide
estimates of PFAS-pesticide application to calculate the applied
areal density of PFAS chemicals.
We evaluated differences in PFAS application by community

level racial/ethnic composition; however, we wish to acknowl-
edge the limitation of using racial/ethnic composition as a
variable. Race is a social construct, and racial labels reflect and
reinforce structural inequities.39,40 In the present study, we
seek to document whether racial differences exist in PFAS
application, investigate what other socially driven factors might
contribute, and consider racism (not biological race) as a
plausible explanation for observed differences in exposure
given that racism alters one’s experiences across the life course
in terms of where one lives and their opportunities for
education and occupation.39

Due to challenges measuring structural racism, we developed
a conceptual model to depict the underlying mechanisms and
proposed relationships with modeled variables (Figure 1).
Racist lending practices have contributed to lower rates of
home ownership in communities of Color that persist to the
present day.41 Disinvestment in education, infrastructure, and a
lack of high paying jobs in communities of Color in the US
reinforce systems that reduce economic opportunity, limit
earning potential, and have resulted in higher rates of
poverty.39 In the present study, we evaluated population
characteristics across two estimates of PFAS burden, and we
tested the hypothesis that poverty and housing tenure modify
observed inequities in PFAS application experienced by
communities of Color.

2. DATA AND METHODS
We conducted a statewide analysis to evaluate the threat of
groundwater contamination from PFAS in pesticides to public
supply wells serving CWSs in California. We applied spatial
methods to estimate CWS demographics, CWS supply well
locations, and total PFAS (i.e., sum of calculated PFAS mass
from each pesticide product) applied between 2019 and 2021.
We then used this data set to evaluate associations between
PFAS estimates and sociodemographic characteristics of
populations served by CWSs.

2.1. Community Water System Boundaries. We used
CWS service area boundaries provided by the SWRCB and Cal
EPA’s Office of Environmental Health Hazard Assessment
(OEHHA) representing “active” water systems according to
California’s Safe Drinking Water Information System
(SDWIS), as of 2020.38 OEHHA processed boundaries by
removing duplicates and assigning overlapping areas to the
smaller water system. As an additional processing step, we
manually fixed boundaries where system consolidations were
confirmed but not yet reflected in state-maintained boundaries
(Figure S1).38

2.2. Public Supply Well Locations. We obtained public
supply well locations for CWSs from the Groundwater
Ambient Monitoring and Assessment (GAMA) tool.30 We
generated 1 km buffers around each public supply well to
approximate their impact area and dissolved buffered areas by
water system ID. The selection of a 1 km buffer was informed
by methods developed by OEHHA to define the average
distance at which polluted sites pose a threat to nearby
groundwater quality for the Groundwater Threats layer of
CalEnviroScreen 4.0.42

2.3. Community Water System Population Character-
istics. CWS population was estimated using a tiered approach
integrating multiple data sources: 1) high-resolution (100 m2)
gridded population estimates;43 2) State government data on
water system population and service connection counts;44 and
3) a point-location data set of statewide domestic well reliance
within water system boundaries.45 Although the SWRCB
maintains records of water system service population, we
derived our own estimates because the sum of state estimates
exceeded the total population of California.
First, we summed the residential population within each

water system boundary according to high-resolution gridded
population estimates.43 If the summed population for a given
water system was under 25 (i.e., below the technical definition
of a CWS), we substituted SDWIS population estimates (n =
434).44 For a small number of these systems (n = 10) for
which SDWIS population data was unavailable, we estimated
their service populations based on their number of service
connections (assuming each service connection serves an
average of 3 people).46 We further adjusted for the possibility
of reliance on domestic wells within CWS boundaries using a
high-resolution data set of domestic wells joined to residential
parcels and addresses to estimate the number of people reliant
on domestic wells.45 We subtracted this domestic well
population from the CWS service area population and used
these refined estimates of the CWS population to calculate
descriptive statistics.
We characterized sociodemographic variables at the CWS

level, using data from the ACS 5-year estimates from 2016 to
2020 at the scale of census block groups; we included variables
for racial/ethnic composition,36 household tenure,35 and
poverty.37 Racial/ethnic identity−a self-identified classification
from the ACS−was considered because of racial inequities in
federal infrastructure investment and protections from environ-
mental hazards.47 We calculated the proportion of rented
households; the population that is Hispanic/Latinx, non-Latinx
(NL) White, NL Black, NL Asian, NL Native American, NL
Other/two or more, and NL People of Color (POC) (which
includes NL Black, NL Asian, NL Native American, and NL
Other/two or more); and households living in poverty
(defined as a household income under twice the federal
poverty level). We referred to Hispanic/Latinx populations as
“Latinx” due to the preference of our community partners, as
well as the fact that the majority of California’s Hispanic
residents are of Latin American heritage.48

We assigned block-group level sociodemographic variables
to individual CWS boundaries using areal apportionment.38

This was necessary because of spatial differences between
water systems and block groups: a single water system may
serve more than one block group, and portions of the same
block group are frequently served by different water systems.
Finally, we calculated regional and statewide descriptive
statistics for water system sociodemographic characteristics.
Regions were defined by previous studies (Bay Area, Central
Coast, Eastern Sierra, Inland Empire/Imperial Desert, North-
ern California, Northern Sierra, San Joaquin Valley, Southern
California (Figure S2).21,24,49

2.4. Calculated Applied PFAS from Pesticides. We
used the California DPR’s PUR database to calculate the
statewide application of PFAS from pesticides.34 The DPR’s
PUR program requires monthly reporting of all legal
agricultural pesticide applications within the state including
application to greenways, cemeteries, rangeland, pastures,
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along the roadside, and railroad rights-of-way. We identified 12
individual pesticide brands representing eight pesticide
products with evidence of PFAS contamination (Table
S1).15−17 We summed the total pounds (lbs.) of the PFAS-
pesticides by the Public Land Survey System (PLSS) section
(i.e., approximately one square mile), by year, and across the 3-
year study period (2019−2021). Each PLSS section received a
value representing the cumulative sum across 2019 through
2021, selected to encompass the most recent years of available
data and to align with reports of PFAS detections in pesticide
products.15−17 Next, we calculated the amount of individual
PFAS (perfluorobutanesulfonic acid [PFBS], perfluorobuta-
noic acid [PFBA], and perfluorooctanesulfonic acid [PFOS])
and total PFAS (combination of PFBS, PFBA, and PFOS)
applied in milligrams (mg) within each PLSS section by year
and between 2019 and 2021 using eq 1 (PFHpS, PFOA, and
HFPO−DA were not applied in California during the study
period)

W mg PFAS
X ng PFAS

1 L pest
1 L

0.264 gal
1 gal

Y lbs pest
1 mg
10 ng

Z lbs pest
16

= × ×

× ×
(1)

where W is the mass of an individual PFAS chemical applied in
mg; X is the original PFAS concentration reported in
nanograms (ng) per L of PFAS-pesticide; Y is the product-
specific density of the PFAS-pesticide in lbs per gallon; and Z
is the sum of PFAS-pesticides applied in lbs within each PLSS
section between 2019 and 2021.
Next, we assigned PFAS to the buffer areas. We intersected

PLSS layers containing individual and total PFAS with buffered
public supply well areas and calculated the areal density of
PFAS (mg/km2) applied within 1 km of public supply wells
serving each CWS (Figure 2). We then calculated regional and
statewide descriptive statistics for the PFAS.

2.6. Statistical Analysis. We used two-part generalized
additive models (GAMs) to estimate the associations between
PFAS (mg/km2) with selected sociodemographic variables
across individual CWS observations (n = 732), and binary
outcomes representing the application of any PFAS (n =
2,444). Two-part models, commonly used to model discrete-
continuous outcomes, allowed for handling the zeros (n =
1,712) and positive values (n = 732) separately.50 We scaled
continuous predictor variables by 10%, including racial/ethnic
composition (% Latinx, % non-Latinx [NL] People of Color
[POC], and % NL White [reference = NL White]), housing
tenure (% rented), and % poverty. We fit penalized cubic
regression splines for population density (people/100 m2) and
for latitude and longitude of the centroid of service area
boundary (decimal degrees) to account for CWS size and
spatial autocorrelation, respectively.
For continuous data, we used generalized additive linear

regression models presented in the Supporting Information
(eq S1). The outcome variable was the log-transformed
milligrams of PFAS applied per square km. We specified a
Gaussian error distribution and identity link to estimate
geometric mean ratios.
We used generalized additive logistic regression models (eq

S2) to evaluate binary outcomes for the application of any
PFAS within 1 km of water system supply wells. A binomial
distribution and logit link function were specified for logistic
models to estimate odds ratios. We adjusted for the number of

public supply wells in the logistic models to account for the
buffer area size.
We examined residual spatial autocorrelation using Moran’s

I test statistic and inspection of model residuals. We assessed
the model fit using the Akaike information criterion (AIC),
log-likelihood, and diagnostic plots.
We conducted sensitivity analyses for both the linear and

logistic regression analysis in which PFOS was excluded and
PFBA+PFBS were retained. This was done because the large
contribution of PFOS to the total PFAS-chemical application
may have obscured the contribution of other PFAS.

2.7. Software. We conducted data processing in R version
4.1.2 (R Foundation, Vienna, Austria) and ArcGIS version
3.0.3 (ESRI, Redlands, CA). We performed statistical analyses
in R version 4.1.2 (R Foundation, Vienna, Austria) using the
following packages: rgdal,51 spdep,52 and mgcv.53

3. RESULTS AND DISCUSSION
3.1. Regional Characteristics of Community Water

Systems. We estimated that 28.4 million Californians are
served by 2,444 active CWSs that rely fully or partially on
groundwater (i.e., the water system is associated with at least
one public supply well) (Table 1). A large percentage of these
systems (24.0%) were in the San Joaquin Valley (SJV)−the
primary agricultural region of California−and served approx-
imately 3.7 million SJV residents. Residents served by
groundwater-reliant CWSs in the SJV represented 13.0% of
the state’s population, and they experienced a disproportionate
burden of poverty (38.4%) compared to the statewide average
(27.0%). Nearly half (49.4%) of the population served by
water systems in the SJV self-identified as Latinx, compared to
the statewide average of 36.5%.

Figure 2. Areal density (milligrams per square kilometer) of PFAS
(combination of PFBS, PFBA, and PFOS) applied between 2019 to
2021 within 1 km of public supply wells serving community water
systems (CWSs) in California. PFAS application is displayed as
quartiles within CWS service area boundaries.
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3.2. Regional and Statewide PFAS Application.
Statewide, 732 water systems were within 1 km of PFAS
application, serving an estimated 18.5 million Californians,
which corresponds to over 65% of the of the population
included in the present study and about 22% of the state’s total
population in 2020. We estimated that a combined total of
229,978 mg of PFOS, PFBS, and PFBA were applied within 1
km of public supply wells via contaminated pesticide products
between 2019 to 2021 (Table S2). The vast majority (99.9%
or 229,932.8 mg) was PFOS. In contrast, PFBS and PFBA
accounted for 32.7 and 10.4 mg, respectively (Table S2). The
Central Coast, Southern California, and Inland Empire/
Imperial Desert had the highest areal density of total PFAS
applied (Table 1). The SJV had the highest areal density of
PFBS applied, followed by Southern California and the Central
Coast. PFBA was applied most heavily in the Central Coast,
Inland Empire/Imperial Desert, and Southern California
(Table 1).

3.3. Population Characteristics and PFAS Application.
We evaluated population characteristics at the community
water system scale across two indicators of PFAS burden: the
areal density of PFAS and odds of PFAS application. In
unadjusted models, a higher proportion of % Latinx and % NL
POC population was associated with increased areal density of
PFAS and increased likelihood that PFAS were applied (Tables
S4, S5). We progressively adjusted our models for spatial
factors and potential effect modifiers (% poverty and % rented)
(Tables S6, S7). Our results for higher proportion Latinx were
robust and remained statistically significant in progressively

and fully adjusted models. In fully adjusted models, a 10%
higher proportion in the Latinx population was associated with
a 27% increase in the areal density of PFAS in mg/km2 (GMR
= 1.27; 95% CI = 1.05, 1.54) and a 60% increased odds of
PFAS application (OR = 1.60; 95% CI = 1.48, 1.74) (Table 2).
In contrast, a higher proportion of NL POC was significant in
unadjusted models and did not retain statistical significance in
progressively or fully adjusted models, despite only minor
changes in effect estimates (Tables S6, S7).
The lack of statistical significance for NL POC in the

adjusted models may have resulted from data limitations. We
were unable to evaluate models that further characterized
people of color into self-identified categories (i.e., NL Black,
NL Native American, etc.) due to low representation of each
racial/ethnic group in CWS populations. Although necessary
for this analysis, our approach of grouping racial/ethnic
categories may have obscured racial inequities in the PFAS
threat experienced by subpopulations. Our results highlight the
complexity of disentangling relationships between community-
level racial/ethnic composition and measures of social
vulnerability and suggest that more granular data may be
necessary to fully understand the factors involved.
It is worth noting that a higher proportion of poverty and a

higher proportion of rented households were both associated
with the increased odds of PFAS-pesticides in unadjusted
bivariate models (Table S5), but this relationship was not
significant in the main analysis (Table 2) or sensitivity analysis
(Table S3), suggesting that poverty and housing tenure are not
the primary drivers of observed relationships, although

Table 1. Sociodemographic Characteristics and PFAS-Contaminated Pesticide Use across Community Water Systems (CWSs)
in California (CA), by Regiona

Region
(n = CWSs)b

Bay Area
(n = 281)

Central
Coast

(n = 346)

Eastern
Sierra

(n = 138)

Inland Empire/
Imperial
(n = 236)

Northern CA
(n = 378)

Northern
Sierra

(n = 150)

San Joaquin
Valley

(n = 586)
Southern CA
(n = 329)

Statewide
(n = 2444)

Population
Served

4,747,071 1,365,341 64,981 4,414,922 605,280 2,075,754 3,705,481 11,430,777 28,409,608

All PFASc
(mg/km2)

2.7 41.5 2.4 × 10−06 12.8 1.4 1.8 3.9 18.7 11.6

PFBSc (mg/
km2)

2.4 × 10−04 7.3 × 10−04 2.4 × 10−06 3.8 × 10−04 4.9 × 10−04 4.8 × 10−04 5.1 × 10−03 7.9 × 10−04 1.6 × 10−03

PFBAc (mg/
km2)

6.9 × 10−05 1.6 × 10−03 0.0 9.3 × 10−04 2.0 × 10−05 4.1 × 10−05 1.2 × 10−04 8.3 × 10−04 5.2 × 10−04

PFOSc (mg/
km2)

2.7 41.5 0.0 12.8 1.4 1.8 3.9 18.7 11.6

% non-Latinx
Whited

38.7 49.7 75.8 35.3 72.8 49.9 34.1 34.9 38.2

% Latinxd 20.5 39.1 16.7 47.9 16.8 22.1 49.4 37.9 36.5
% non-Latinx
Blackd

4.1 1.4 0.5 5.8 1.5 6.7 4.1 5.2 4.8

% non-Latinx
Asiand

31.5 4.4 2.0 7.0 3.2 15.3 8.8 16.0 15.3

% non-Latinx
Native
Americand

0.2 0.3 1.8 0.4 1.6 0.3 0.4 0.8 0.6

% non-Latinx
Otherd

4.5 3.2 3.2 3.1 4.1 5.2 3.1 3.4 3.6

% living in
povertyd

16.2 24.7 27.4 31.3 35.6 30.2 38.4 25.3 27.0

Mean %
rentede

30.5 30.8 26.8 30.6 27.3 34.1 32.3 34.6 30.9

aSocioeconomic variables were accessed from the US Census Bureau’s American Community Survey (ACS) 2020 5-year estimates and assigned to
water system service boundaries using areal apportionment. bOur universe of Community Water Systems (CWSs) is limited to those served by
public supply wells. cAll PFAS refers to the sum of milligrams of PFBS, PFBA, and PFOS applied per km2 within public supply well buffer areas via
PFAS-pesticide application between 2019 and 2021. dValue represents mean across water systems in region. Denominator is the regional
population served by CWCs. eMean % rented reflects household-level estimates.
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additional studies are needed to more fully explain the complex
relationship between racial/ethnic composition and socio-
economic factors. Despite challenges modeling the relationship
between structural racism and environmental injustice, our
interpretation of the relationship between racial/ethnic
composition and socioeconomic factors align with our
hypothesis that structural racism plays a critical role in
exposures that differ by measured race/ethnicity. We believe
that the modeled variables in this study (i.e., % rented homes
and % poverty) modify the relationship between community-
level racial/ethnic composition and exposure to PFAS-
pesticides given the modeled variables influence on a
community’s ability to address distributive aspects of environ-
mental injustice, which can lead to heightened environmental
exposures.54

We conducted a sensitivity analysis in which PFOS was
excluded and PFBA+PFBS was retained that revealed similar
results to our main analysis: a 10% higher proportion in Latinx
population was positive and significantly associated with the
areal density and odds of PFBA+PFBS application; % NL POC
was not significant in either model (Table S3).
Our results support tracking the SWRCB’s environmental

justice goals32 and demonstrate that racial/ethnic composition
is significantly associated with PFAS application within 1 km of
public supply wells in models that account for housing tenure,
poverty, number of supply wells, population density, and
spatial autocorrelation. These findings echo concerns raised by
a recent nationwide study that looked more generally at the
spatial risk of PFAS to CWSs and found that CWS watersheds
with PFAS sources serve higher proportions of Latinx and NL

Black residents compared to those without a PFAS source.31

Although it remains to be determined by future research, it is
possible that PFAS in community water supplies, originating
from nearby PFAS-pesticide applications, may contribute to
existing patterns in the uneven distribution of PFAS sources31

and to an ongoing legacy of disproportionate impacts from
environmental risks (including pesticides) impacting commun-
ities of color.
Our results are consistent with previous studies in California

that found disproportionate levels of pesticide application
related to community-level sociodemographic characteristics
on various spatial scales. In a statewide analysis, Cushing et al.
found that, compared to areas with predominantly NL White
residents, areas with larger populations of Latinx and POC
(including African American, Native American, Asian/Pacific
Islander, and or multiracial individuals) were associated with
higher use of hazardous and volatile pesticides.49 In Ventura
County, Temkin et al. also found that toxic pesticides were
disproportionately applied in communities with higher
percentages of Latinx and POC populations.55 It is worth
noting that these studies evaluated pesticide use in specific
locations but did not consider PFAS-containing pesticide
products specifically; however, we believe that similar under-
lying mechanisms, such as structural racism, are likely
responsible.
A previous statewide study that also evaluated associations

between housing tenure and agricultural-related contamination
had similar results to ours; Pace et al. did not detect an
association between renter status and nitrate concentrations in
water from CWSs or domestic wells.21 In contrast, a regional
study of CWSs conducted by Balazs et al. identified increased
nitrate contamination in drinking water served to communities
in the SJV with higher percentages of rented households
compared to communities with higher percentages of home
ownership.23 Better measures of housing vulnerability may be
needed to understand statewide associations between socio-
economic characteristics and water quality or PFAS threat.
It is worth noting that studies have reported inconsistent

findings regarding the presence and range of PFAS
concentrations in pesticides. Lasee et al. reported levels of
PFOS several orders of magnitude higher than studies
conducted by the Center for Biological Diversity (CBD) and
PEER.15−17 A verification analysis conducted by the EPA failed
to detect measurable levels of PFOS or other PFAS species
tested for by Lasee et al. in the same pesticide products,
possibly due to differences in sample preparation methods.56

Results from PEER (2020) were confirmed through
independent testing done by the Massachusetts Department
of Environmental Protection and the EPA;16 results from
CBD/PEER (2023) have yet to be verified.17 Inconsistencies
in PFAS concentrations in pesticides may be due to incomplete
information on the extent of contamination; only a small
fraction of pesticide products have been tested for a limited
suite of PFAS chemicals by a limited number of studies. Our
results should be interpreted carefully with the understanding
that we are estimating the potential for groundwater
contamination by PFAS based on the application of PFAS-
pesticides near public supply wells; however, we did not
directly measure actual concentrations of PFAS in public
supply wells or in groundwater.
We leveraged publicly available secondary data from several

sources, each with its own inherent limitations. For example,
rural areas with lower populations are represented by larger

Table 2. Two-Part Generalized Additive Model Results
Estimating the Association between Sociodemographic
Variables and PFAS Application among Community Water
Systems, California, 2019-2021a

Independent
Variables

Geometric Mean Ratiosb
Milligrams of PFASd per km2

(ne = 732)

Odds Ratiosc PFAS
applied (Yes/No)

(ne = 2,444)

% Latinx 1.27 (1.05−1.54) 1.60 (1.48−1.74)
% non-Latinx
People of
Color

1.34 (0.99−1.82) 1.11 (0.99−1.24)

% poverty 0.79 (0.60−1.04) 1.00 (0.90−1.10)
% rented 1.17 (0.94−1.44) 1.07 (0.98−1.16)
Number of
public supply
wells

NAf 1.07 (1.05−1.08)

AIC 4,202.67 1,967.72
Log likelihood −2,078.55 −844.31
Moran’s I P-
value

0.88 0.77

aSocioeconomic variables were accessed from the U.S. Census
Bureau’s American Community Survey (ACS) 2016−2020 5-year
estimates and assigned to water system service boundaries using areal
apportionment. Models included fitted splines for population density
(people/100 m2) and for latitude and longitude (decimal degrees).
bGeometric mean ratio assessing PFAS application with respect to
sociodemographic characteristics. cOdds ratio assessing likelihood of
PFAS application with respect to sociodemographic characteristics.
dPFAS refers to the sum of milligrams of PFBS, PFBA, and PFOS
applied per km2 within public supply well buffer areas via PFAS-
pesticide application. en refers to the number of community water
systems included in each model. fNumber of supply wells was
excluded because the outcome variable was already adjusted for buffer
area, a variable related to the number of supply wells.
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block groups, and population characteristics averaged across
rural or urban block groups do not capture heterogeneity in
the community characteristics. CWS boundaries may be
inaccurate due to system expansions and consolidations. In
order to estimate potential PFAS threats to public supply wells,
we made several assumptions, including that pesticide products
contained consistent concentrations of PFAS over the study
period and that all PFAS contamination was accounted for.
Additionally, our use of a 1 km buffer area for public supply
wells is smaller than used in other studies, which use
watersheds.31 As a result, we may have underestimated
potential threats from PFAS-pesticide applications. Overall,
this study underscores the pressing need for additional
research on PFAS contamination in pesticides and ground-
water.

4. CONCLUSIONS
We found significant statewide disparities in the threat of
groundwater contamination by PFAS in pesticides applied near
community water supply wells, indicating a distributive
environmental injustice from this newly regulated environ-
mental health hazard. As more research and data become
available, future studies should explore the relationship
between applications of PFAS-contaminated pesticides and
measured concentrations of PFAS in drinking water from
nearby CWSs. Due to data limitations, we likely under-
estimated PFAS applications. Nevertheless, our results indicate
racial and ethnic disparities in potential PFAS threats to CWS,
thus raising environmental justice concerns.
Despite our use of racial/ethnic composition as a model

variable, we wish to emphasize that significant differences
between racialized groups do not account for biological or
cultural differences. Our inability to measure and model
structural racism is a limitation, and future studies will benefit
from evaluating more nuanced outcomes, such as intersectional
relationships between race and socioeconomic variables that
were beyond the scope of this study. Moving forward, it will
also be imperative to consider the 1.6 million people served by
domestic wells, which likely face even greater contamination
threats due to the fact that their water quality is unregulated by
state and federal authorities.45 Future research should include
other sources of agriculture-related PFAS, such as the use of
contaminated biosolids from wastewater treatment facilities as
agricultural fertilizer. This study informs monitoring and
remediation, promotes enhanced PFAS testing in rural areas,
highlights environmental justice concerns, and supports State
efforts to achieve racial equity and the Human Right to Water
in California.
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