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Abstract

Per- and polyfluoroalkyl substances (PFAS) represent a class of persistent synthetic chemicals
that have been extensively utilized in industrial and consumer applications. Their environ-
mental persistence, bioaccumulation, and toxicity have raised significant public concerns
and led to regulation in some regions during the past two decades. This paper presents a
brief review, focusing on the perspective of PFAS contamination in agriculture. Specifically,
the paper elucidates the primary pathways by which PFAS enter agricultural systems. After
PFAS chemicals enter the agricultural environment, soil serves as the sink and the sources
accessible by biota such as crops, livestock, and wildlife. PFAS sorption by soil is charac-
terized as a complicated dynamic process, with carbon-fluorine chain length as the major
factor influencing their mobility and bioavailability. PFAS uptake and translocation in crops
vary in plant species; short-chain PFAS demonstrate higher bioaccumulation in edible plant
tissues, raising critical concerns regarding food safety. Livestock exposure to contaminated
feed and water leads to PFAS bioaccumulation in animals and the derived food products,
posing additional risks to human health. This perspective further briefs toxicological
implications to human and ecosystem health, highlights current remediation and mitigation
strategies, and assesses regulatory frameworks governing PFAS in the agricultural
environment. Future research directions emphasize mechanistic understanding of plant and
animal uptake, innovative remediation technologies, long-term environmental exposure and
risk assessment, and regulation development. Immediate actions on PFAS contamination in
agriculture are imperative to safeguard ecosystem integrity, food safety, and public health.
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Introduction

in biota, and cause deleterious impacts to human and ecosystem
health.
Drinking water contamination by PFAS has been the primary

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of
synthetic organofluorine compounds that are characterized by multi-
ple carbon-fluorine bonds and confer exceptional chemical stability
and resistance to chemical and biological degradation in the
environment. Nearly 15,000 PFAS chemicals have been identified, and
many have been of industrial and commercial use in the applications
of stain repellents, firefighting foams, food packaging, and textiles
since the 1940s. Their widespread use and environmental persistence
have resulted in global contamination, even in some remote regions.
Due to their hydrophobic and lipophobic nature and high mobility,
PFAS have been considered as 'forever contaminants' because they are
recalcitrant to chemical and biological degradation, can accumulate

focus in public health; however, agricultural environments are now
recognized as significant reservoirs and pathways for PFAS to enter
food chains and transfer to humans. PFAS contamination in soils,
crops, and livestock raises critical concerns for food safety, ecosys-
tem health, and human exposure. This perspective attempts to
provide a general overview of PFAS in agriculture, including path-
ways into agricultural systems, environmental fate in soils, plant
and animal uptake, risks, management, regulatory considerations,
and future research needs. The purpose is to attract more efforts to
the research and management of PFAS contamination in agricul-
tural production, which is essential to improving food safety and
human health.
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PFAS pathways into agricultural systems

PFAS enter agricultural systems via multiple environmental vectors,
often related to anthropogenic activities and industrial sources. Land
application of biosolids is one of the primary routes of PFAS intro-
duction into agricultural soils. Biosolids are derived from the sewage
sludge from wastewater treatment plants (WWTP). The wastewater
treatment processes cannot effectively remove PFAS and cause their
enrichment in sewage sludge. Biosolids contain a mixture of PFAS
compounds, including many legacy contaminants such as perfluoro-
octane sulfonic acid (PFOS), and perfluorooctanoic acid (PFOA), as well
as PFAS precursors. PFAS concentration in biosolids could vary widely,
and some compounds can reach several micrograms per kilogram of
dry weight!'?, The repeated land application of biosolids results in
long-term PFAS accumulation in soils, with concentrations exceeding
1,000 ng/g in heavily biosolids-amended sites. Land application of
biosolids is a common practice in the USA, European Union countries,
and some Asian countries, which has represented a chronic source of
soil contamination for decades.

The ineffective treatment of PFAS in wastewater results in their
presence (e.g., short-chain PFAS) in the effluents from WWTP. In the
regions experiencing water scarcity, the treated wastewater is often
reused for irrigation, which could directly introduce PFAS into soils
and crops. A study in South Korea detected the total PFAS concentra-
tion in irrigation water reaching 70 ng/LB, which is sufficient to lead
to progressive PFAS accumulation in soils and subsequent plant
uptake over time. Current estimates suggest that 20% of agricultural
lands in the USA have received land through biosolid application for
plant nutrient supplementation, or irrigation with treated wastewater
or contaminated surface and ground water, which is equivalent to 70
million acres of agricultural land that could have been contaminated
with PFAS, although no reliable data source is provided.

Some PFAS can volatilize or be released as particulate-bound
chemicals from industrial manufacturing facilities, firefighting activi-
ties, or landfill. Atmospheric transport facilitates their deposition
onto agricultural land far from the source. For instance, near a fluo-
rochemical manufacturing plant in North Carolina (USA), soil and
crops within a 5-km radius showed significantly elevated PFAS
concentrations, which could be attributed to transport in the atmo-
sphere. This pathway is more apparent in regions near airports or
military bases where aqueous firefighting foams (AFFFs) are
frequently used in practical training and firefighting activities.

Local contamination hotspots are created when PFAS-containing
AFFFs are applied during firefighting or training exercises. These
foams contain high concentrations of PFAS (e.g., hundreds to thou-
sands of milligrams of PFAS per liter), leading to soil and groundwa-
ter contamination around airports, military bases, and industrial
sites. Direct spills or leaks of PFAS-containing chemicals also con-
tribute to soil contamination!'. Such hotspots pose significant risks
to adjacent agricultural lands through surface-ground water interac-
tions and contact with soil.

PFAS sorption and transport in soils

After their release into the soil, PFAS behaviors are governed by
physicochemical processes and the specific structural characteristics of
individual PFAS congeners. Long-chain PFAS, such as PFOS, exhibit
strong sorption to soil organic matter via partitioning and adsorption
on mineral surfaces, particularly iron and aluminum oxides, via
electrostatic interactions!. The strong sorption leads to retention in
top-soil horizons and less leaching potential to groundwater. For
example, PFOS concentration drops exponentially by several orders of
magnitude with soil depth!". In contrast, short-chain PFAS, such as

perfluorobutanoic acid (PFBA), and perfluorobutane sulfonic acid
(PFBS), are more water soluble and exhibit weaker sorption, resulting in
elevated mobility and the potential for groundwater contamination>>°!

Specific sorption, such as cation-bridging interaction or anion
exchange, also contributes to the retention in soil, but the quantity
remains unknown. Perfluoroalkyl carboxylic acids could strongly inter-
act with multivalent cations such as Ca2* and Fe3* on the soil surfacel”.
Soil solution pH, ionic strength, and composition also affect PFAS sorp-
tion to metal oxides in soils. PFAS sorption by iron and aluminum
oxides in soil increases at a lower pH because of the increase in posi-
tive surface chargesl®l. Research efforts to correlate PFAS sorption to
individual soil properties fails to describe PFAS sorption by soil. A large
knowledge gap exists in the elucidation of fundamental sorption
mechanisms and the prediction of their transport in soils.

PFAS in surface soils could transport vertically to aquifers with the
infiltrating water from precipitation, irrigation, runoff, and stormwa-
ter. The strongly sorbed PFAS generally demonstrate slower trans-
port in soil. The amphiphilic features of PFAS can reduce their
surface tension at the soil-air-water interfaces, and lead to enhanced
accumulation. Sorption and enriched accumulation at soil-air-water
interfaces both influence the retention and transport of PFAS parti-
cularly for long-chain PFAS compounds in soils®l. Apparently,
research progress has been made to better understand sorption and
transport of PFAS in soil; however, the mechanism-based studies on
sorption and transport under water-unsaturated conditions are still
needed to advance the knowledge in these areas.

Plant uptake and bioaccumulation

Agricultural lands are the major reservoir for PFAS in the environment,
and severely contaminated sites could exhibit PFAS concentrations
at mg/kg levels!'%'"L, A proportion of PFAS in soil can be released into
the water and become bioavailable to plant uptake. Plants grown at
contaminated sites are frequently detected with escalated PFAS
concentrations!’?. Since PFAS compounds are typically associated
with soil organic matter, clays, and metal oxides, their mobility and
bioavailability to crop uptake may exhibit significant spatial and tem-
poral variations in agricultural fields. Natural events (rain and wind),
and farming practices (e.g., tillage, crop cultivation, and irrigation) can
further complicate PFAS transport and plant uptake processes.

PFAS uptake by plants primarily occurs through absorption of
PFAS with passive water mass flow to roots. Once inside the plant,
PFAS translocate via the xylem to aerial tissues, including leaves,
stems, fruits, and seeds. The bioaccumulation and distribution of
PFAS in plants vary substantially in plant tissues. In general, PFAS
bioaccumulation is greater in crop/vegetable stalks and leaves than
in grains and fruits, indicating the preferential flow and bioaccumu-
lation into vegetative tissues, rather than storage organs!'3l. Short-
chain PFAS chemicals commonly manifest greater translocation
factors from plant roots to aboveground portions than long-chain
homologues, which could be driven by transpiration streams in the
xylem. In addition, the smaller short-chain PFAS molecular size could
facilitate the transport through plant cell membranes. These factors
could combine to cause the enhanced bioaccumulation of short-
chain PFAS in plants. Different types of plants grown at the same
location can demonstrate a wide variation in bioaccumulation for
a given PFAS, which could be related to plant root morphology,
protein/lipid content, and plant cell structures!'4l,

PFAS bioaccumulation in livestock

Consumption of PFAS-laden animal feeds and drinking contaminated
water can lead to bioaccumulation in livestock living on farms!'.
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Considering that crops and meat from livestock constitute major
portions of human diets, consumption of PFAS-contaminated food
represents a major exposure route responsible for the bioaccumu-
lation of PFAS in humans. To guide the development of management
solutions to mitigate PFAS bioaccumulation in livestock, it is imperative
to clearly understand the fate, transport, and distribution of PFAS in
agricultural farm settings, identify the sources, and characterize uptake
processes for PFAS bioaccumulation in livestock.

Livestock can take up and accumulate PFAS from the ingestion of
contaminated drinking water, consumption of polluted animal
feeds, and dermal contact with contaminated soil. On the farms with
PFAS-contaminated surface or ground water, even when no signifi-
cant amount of PFAS was detected in soil or grass, the animals were
still found to accumulate PFAS, which pinpoints the source as
contaminated drinking water('®l, The consumption of PFAS-contam-
inated feed is another major exposure pathway for livestock, with
particular concern about farms that received PFAS-contaminated
biosolids. Livestock feed from these farms could contain a certain
amount of PFAS which could transfer to livestock via feed consump-
tion. PFAS compounds have been detected in liver, blood, muscle,
milk, and urine of dairy cattle, primarily originating from contami-
nated silage consumptionl'7],

PFAS in livestock bodies are distributed in various tissues, prima-
rily in serum, liver, and kidney, because of their strong affinity with
certain proteins, e.g., albumin and hepatic proteins. PFAS can be
eliminated from livestock and released into urine and feces. The
clearance half-lives range from days to years depending on the
specific chemical, animal sex, and agel'8. PFAS in animal bodies
could be depurated to low and even to safe levels. In general, long-
chain PFAS compounds demonstrate a relatively long half-life, and a
slow clearance ratel'819l, Urinary excretion is the primary clearance
route for PFOA from sheep, while little PFOS was detected in urine;
instead, approximately 5% of PFOS intake was excreted in the
feces2%, Short-chain PFAS, e.g., perfluorobutane sulfuric acid (PFBS),
are distributed at trace levels in liver, kidney, plasma, and milk in
dairy cattle, but present in a significant amount in the excretion of
urinel?l, Although some data have been reported on PFAS bioaccu-
mulation in livestock, few systematic studies have been conducted,
which warrants further research on PFAS bioaccumulation and
depuration in animals.

PFAS risks and management

The persistence of PFAS in agricultural products poses risks to con-
sumers. Chronic exposure to a low doses of PFAS via food consump-
tion is an emerging concern, especially for populations relying on
locally grown produce and animal products in PFAS-contaminated
regions. Vulnerable groups, such as children and pregnant women,
face elevated health risks due to bioaccumulation, toxicity, and long
elimination periods. PFAS in the human body have been identified to
be associated with immunotoxicity, endocrine disruption, hepatotoxi-
city, reproductive and developmental effects, and carcinogenicity??.
The corresponding mechanisms could involve the interference with
nuclear receptors, hormonal pathways, and cellular signaling.

To minimize PFAS exposure via food consumption, the European
Union has established a Commission Regulation 2023/915 on maxi-
mum levels (around ng/g) in certain foods (e.g., fish, eggs, beef,
pork, and poultry) for specific PFAS and the sum of PFOS, PFOA,
perfluorononanoic acid (PFNA), and perfluorohexane sulfonic acid
(PFHxS). Although the European Union has made progress in regu-
lating PFAS in food and potentially in food-contacting materials in
the near future, regulatory guidelines for PFAS in agricultural matri-

ces are still limited in scope in other countries. The US regulation
focused more on PFAS in drinking water. In May 2025, the USEPA set
enforceable maximum contaminant levels at four nanograms per
liter of water (ppt), but there is a lack of regulation of PFAS in soil or
food matrices. Several states in the USA, such as California, Maine,
and Michigan, have set up PFAS limits for land-applied biosolids or
banned this practice, and proposed maximum allowable PFAS
concentrations in various food products, though enforceable levels
remain under development. The lack of sound data and uniform
guidelines complicates accurate risk assessment of PFAS and their
environmental management. Effective management demands inte-
grated PFAS monitoring in environmental matrices, surveillance of
food safety, and appropriate agricultural best practices to mitigate
PFAS entry into food products with a sound policy setup. It is essen-
tial to involve multi-stakeholders by the collaboration of regulatory
agencies, farmers, industrial manufactures, environmental engi-
neers, and scientists to address this critical issue.

Future research directions and perspectives

Food produced from PFAS-impacted agricultural lands could cause
PFAS accumulation in crops at low ng/g levels, which could pose
concerns and potential risks to human health because of the chronic
dietary exposure. PFAS could also enter livestock, and lead to trace-
level residues in animal-derived foods. Since PFAS can be accumulated
in humans and have long-term biological half-lives, consumption of
contaminated produce contributes a substantial portion of PFAS to the
total burden in the human body. Monitoring PFAS in foodstuffs and
mitigating PFAS accumulation in food production are therefore critical
to human health and warrant tackling the issues from the perspective
of multi-stakeholders including farmers, industrial manufactures,
residents, scientists, and policy makers. Solving PFAS contamination in
agriculture needs integrative multidisciplinary research and outreach
priorities:

» Mechanistic studies: Detailed molecular and physiological inves-
tigations on PFAS uptake, translocation, and metabolism in various
crop species and animals are needed to identify the key features and
processes conferring low uptake and bioaccumulation, and high
depuration rate. The results could inform breeding or genetic engi-
neering approaches in plants and animals to interfere with PFAS
uptake and bioaccumulation.

+ Long-term field-scale research: Multiyear, large-scale field stud-
ies should be conducted to assess PFAS fate and bioaccumulation in
the farms with varying soil types, climates, and agronomic practices,
to generate robust data to develop exposure and risk models.

+ Ecotoxicology: The comprehensive assessment of ecosystem-
level consequences is essential to evaluate the impacts of PFAS on
soil microbiomes, beneficial insects, and non-target organisms.

» Pharmacokinetics in livestock: More systematic studies on PFAS
distribution in animal tissues, excretion pathways, and transfer into
edible products will improve the accuracy in the assessment of
human exposure to PFAS via food consumption.

* Remediation technologies: Development of cost-effective soil
remediation technologies by combining sorption, sequestration,
decomposition, and soil amendment strategies is imperative, and
technologies need to be validated at the field scale to assess their
performance and feasibility before extending to remediate PFAS
contamination on farms.

+ Food safety: Expansion of routine PFAS analysis in agricultural
products, coupled with epidemiological studies on dietary expo-
sure, is essential to protecting vulnerable populations. PFAS accu-
mulation in crops and livestock at low ng/g levels could cause
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detrimental impacts to human health because of the chronic dietary
exposure to PFAS-containing food.

+ Regulatory frameworks: Science-based regulations must be
developed globally to control PFAS in soil, water, and food matrices
to effectively mitigate PFAS risks to human and ecosystem health.
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