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ABSTRACT: Most monitoring programs next to large per- and polyfluoroalkyl
substances (PFAS) sources focus on drinking water contamination near source zones.
However, less is understood about how these sources affect downgradient hydrological
systems and food webs. Here, we report paired PFAS measurements in water, sediment,
and aquatic biota along a hydrological gradient away from source zones contaminated
by the use of legacy aqueous film-forming foam (AFFF) manufactured using
electrochemical fluorination. Clustering analysis indicates that the PFAS composition
characteristic of AFFF is detectable in water and fishes >8 km from the source.
Concentrations of 38 targeted PFAS and extractable organofluorine (EOF) decreased in
fishes downgradient of the AFFF-contaminated source zones. However, PFAS
concentrations remained above consumption limits at all locations within the affected watershed. Perfluoroalkyl sulfonamide
precursors accounted for approximately half of targeted PFAS in fish tissues, which explain >90% of EOF across all sampling
locations. Suspect screening analyses revealed the presence of a polyfluoroketone pharmaceutical in fish species, and a fluorinated
agrochemical in water that likely does not accumulate in biological tissues, suggesting the presence of diffuse sources such as septic
system and agrochemical inputs throughout the watershed in addition to AFFF contamination. Based on these results, monitoring
programs that consider all hydrologically connected regions within watersheds affected by large PFAS sources would help ensure
public health protection.
KEYWORDS: per- and polyfluoroalkyl substances (PFAS), perfluoroalkyl sulfonamides (FASA), aquatic biota, fish, shellfish,
aqueous film-forming foam (AFFF), source zones, contamination

1. INTRODUCTION
Human exposure to per- and polyfluoroalkyl substances
(PFAS) has been associated with an increased risk of various
cancers, immune dysfunction, and metabolic disorders, among
other adverse effects.1,2 Consumption of fish and shellfish is an
important source of PFAS exposure for many individuals.3,4

Next to PFAS source zones across the United States (U.S.),
even one meal of freshwater fishes may be sufficient to exceed
recommended daily exposure limits for perfluorooctanesulfo-
nate (PFOS).5 Many studies have characterized PFAS
contamination and composition in surface water and ground-
water surrounding source zones.6−9 However, implications of
these sources for wildlife and recreational/subsistence fisheries
in downgradient watersheds are less understood.10,11 Here, we
examine how the magnitude and composition of PFAS in
fishes and other aquatic biota change along a hydrological
gradient away from source zones contaminated by the use of
aqueous film-forming foams (AFFF), predominantly manufac-
tured using electrochemical fluorination (ECF).7,12

Design of appropriate monitoring programs for PFAS
requires an understanding of how concentrations in surface
water and aquatic biota are attenuated downgradient of large
source areas. One challenge is that standard analytical methods

only measure a small subset of PFAS present in environmental
samples.13,14 For example, in our past work, we showed that
perfluoroalkyl sulfonamides (FASA) are frequently detected in
water and fish tissues, but are not yet included in routine
monitoring next to AFFF-contaminated sites, despite the
availability of analytical standards facilitating detection.15

FASA are a class of precursor PFAS formed during
biotransformation of abundant perfluoroalkyl sulfonamido
compounds in legacy ECF AFFF.16,17 Field-measured bio-
accumulation factors (BAF) for FASA in fish tissues were 1−3
orders of magnitude higher than their terminal perfluoroalkyl
acids (PFAA), reinforcing the need for additional character-
ization of potential exposure risks.15

Bulk organofluorine measurements such as extractable
organofluorine (EOF) are useful for evaluating a greater
portion of the organofluorine mass budget.7,18,19 Prior work on
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AFFF and at an AFFF-contaminated source zone has shown
that all of the EOF can be explained by the sum of targeted
PFAS and oxidizable precursors.12,20 Suspect screening and
nontargeted analysis using high-resolution mass spectrometry
(HRMS) offer complementary information by confirming the
presence of specific PFAS and for assigning probable structures
to unknown PFAS.21 Combining these analytical methods
allows for a more comprehensive understanding of chemical
composition and how concentrations in water and biological
tissues change in hydrological systems downgradient of large
PFAS sources.

In downgradient watersheds, attributing the importance of
diffuse PFAS sources that enter the flow path represents
another challenge. This information is important for
determining benefits from remediation and potential liability
for cleanup. Statistical clustering techniques and data on PFAS
composition can provide information on predominant sources
of contamination,7,22 and past work suggests such an approach
can be extended to fish.11,23−25 Source attribution may be
confounded by transformation of many precursor PFAS in
AFFF and other sources along the flow path, changing the
original PFAS composition.7,9,17 In biota, metabolism of
precursors and differing propensity of PFAS for accumulation
in biological tissues can also alter the source signature.26−28

The main objective of this work was to better understand
how PFAS composition and concentrations in surface water
and aquatic biota change with hydrological distance from
source zones. To do this, we collected paired water and
sediment samples concurrently with fish, eel, shellfish, and
other aquatic fauna along a hydrological transect away from
source zones within an ECF AFFF-impacted watershed on
Cape Cod, Massachusetts (MA), U.S. We constructed a mass
budget for EOF in multiple aquatic species, including those
commonly consumed by local fishers, by comparing EOF to
the sum of targeted PFAS and suspect screening using HRMS.

These data provide insights into the appropriate spatial extent
of watershed monitoring programs and fish consumption
advisories near contaminated sites.

2. METHODS AND MATERIALS
2.1. Field Sampling. Figure 1A shows sampling locations

for paired surface water, sediment, and aquatic biota on Cape
Cod, MA, U.S. The predominant PFAS source within the
watershed is an upgradient military base that historically used
AFFF.7,9,29 Sampling locations were selected along a hydro-
logical gradient away from the military base, beginning with a
groundwater-fed pond (Moody Pond), followed by the
downgradient river (Quashnet River) that extends ∼8 km
before reaching the downgradient estuary (Waquoit Bay).
Moody Pond and the Quashnet River are both freshwater sites
(salinity <1) (Table S1). At the estuarine site (Waquoit Bay),
salinity ranged from 17 to 28 across sampling locations (Table
S1). Samples were also collected from the Santuit River
(salinity <1), which does not have known PFAS point sources
within its watershed (Figure 1A).

Surface water grab samples were collected in duplicate (n =
26) along with field blanks (n = 7) in 1 L bottles (Table S1).
Sediment samples (n = 11) were collected using polypropylene
sediment push cores (6.3 cm diameter; 25 cm length) from the
same locations as the surface water samples. Sediment cores
were sectioned into 5 cm depth profiles and freeze-dried.
Common fish species (n = 19), an eel species (n = 1), shellfish
(n = 2), and other aquatic fauna (n = 2) were collected
concurrently with water and sediment sampling by collabo-
rators at the MA Division of Fisheries and Wildlife, the MA
Division of Marine Fisheries, and the Town of Mashpee
Department of Natural Resources (Table S2). All methods and
fish handling followed protocols specified in permits issued by
MA Department of Fish and Game. All field samples were

Figure 1. Overview of sampling locations and concentrations of targeted per- and polyfluoroalkyl substances (PFAS) in fishes. (A) Sampling
locations (black circles) on Cape Cod, MA, U.S. Known aqueous film-forming foam (AFFF) source zones identified on the military base are shown
by red “X” markers.40 Watershed boundaries shown are from the Cape Cod Commission.41 (B) Average targeted PFAS concentrations (ng g−1 wet-
weight) in fishes (whole-body or muscle tissue) across sampling locations. The inset shows a zoomed-in version of concentrations for samples from
Waquoit Bay and Santuit River. PFAS subclasses shown include perfluorocarboxylates (∑PFCA), perfluorosulfonates (∑PFSA), perfluoroalkyl
sulfonamides (∑FASA), fluorotelomer sulfonates (∑FTSA), and fluorotelomer carboxylates (∑FTCA). Error bars indicate the standard error of
averages for each subclass. State of MA fish consumption guidelines are shown by the vertical orange (sensitive population do not consume >81 ng
g−1 perfluorooctanesulfonate (PFOS)) and red (general population 1 meal/month >15 ng g−1 PFOS) dashed lines.
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stored frozen at −20 °C prior to analysis. Additional details on
field sampling are provided in the Supporting Information (SI
Section 1.1).
2.2. Sample Extraction. Water samples (300 mL) were

spiked with 3.75 ng isotopically labeled internal standards
followed by offline weak anion exchange (WAX) solid phase
extraction (SPE) with dispersive Envi-Carb cleanup, following
established methods.13,29 Freeze-dried sediment samples (1 g
dry-weight) were spiked with 3.75 ng internal standard,
extracted in 1% ammonium hydroxide (NH4OH) in methanol,
followed by dispersive Envi-Carb cleanup, following estab-
lished methods.13,30

For fishes with fork length >14 cm and eel >25 cm fork
length, we extracted PFAS from muscle fillets to best capture
the fraction consumed by recreational fishers. We measured
whole-body concentrations for fishes ≤14 cm and eel ≤25 cm,
and composite samples for fishes with <10 cm fork length. For
shellfish and gastropods, whole-body soft tissue concentrations
were determined. Tissue samples were homogenized using a
hand-held OMNI International TH homogenizer. Homogen-
ized tissue (0.5 g wet-weight) was fortified with 2.25 ng
internal standard. Following methods developed and detailed
in prior work,15 we used an acetonitrile extraction using a bead
blender (MP Biomedicals FastPrep-24) and 4.8 mm stainless
steel beads for further homogenization with WAX SPE
cleanup, modified from established methods.13,31,32 Additional
details on sample preparation are provided in SI Sections 1.2−
1.3.
2.3. Targeted Analysis. Extracts from water, sediment,

and biological tissues were analyzed at Harvard University for
targeted PFAA (n = 18) and precursors (n = 19) using an
Agilent (Santa Clara, CA) 6460 triple quadrupole liquid
chromatography-tandem mass spectrometer (LC-MS/MS) in
negative electrospray ionization (ESI−) mode, following
previously published methods (SI Section 1.4).27,29 Targeted
PFAS were quantified using isotopic dilution and extracted
internal standards with 11- to 15-point calibration curves. For
PFAS without matched internal standards, the standard closest
in retention time or within the same functional group class was
used for quantification (Table S3). Linear and branched
isomers of perfluorohexanesulfonate (PFHxS), PFOS, and N-
methyl and N-ethyl sulfonamidoacetic acids were quantified
separately using available isomeric standards. For FASA and
several other PFAA, we quantified the sum of both isomers
using the linear isomer calibration curves (SI Section 1.5;
Figures S1, S2). Results are discussed as the sum of isomers
unless indicated.

Details on blanks (Table S4), duplicates, procedural and
matrix spike recoveries (Table S5), and internal standard
recoveries (Table S6) are provided in SI Section 1.6. Average
procedural and matrix spike recoveries for all targeted PFAS
present in samples generally fell within 70−130% (Table S5).
Method detection limits (MDLs) were calculated as three
times the sample signal-to-noise ratio multiplied by the sample
dilution volumes or weights. Only values >MDLs are reported
(SI Section 1.7; Table S7). Method trueness was assessed
using the National Institute of Standards and Technology
Standard Reference Material (NIST SRM) 1947 (SI Section
1.8; Table S8).
2.4. Suspect Screening and Nontargeted Analysis.

Surface water and biological tissue extracts were analyzed at
Harvard University for suspect PFAS using a Vanquish Flex
ultrahigh-performance liquid chromatograph (ThermoFisher)

coupled with a quadrupole Orbitrap Exploris 120 MS
instrument (ThermoFisher) in ESI− mode (UHPLC-
HRMS). Data were acquired using full scan MS1 mode with
resolution of 60,000 and a scan range of 200−800 m/z and
data-dependent analysis mode with resolution of 30,000 for
MS2 confirmation (Table S9). Data were preprocessed using
Compound Discoverer 3.3 (ThermoFisher) with peak
intensity removal <10,000, mass tolerance <5 ppm, retention
time tolerance (±0.2 min), and inclusion of various PFAS mass
lists described in the SI. Confidence levels of 2a, 2b, and 3 were
assigned accordingly.33,34 Identification of perfluoropentane
sulfonamide (FPeSA) with a newly available analytical
standard led to additional quantification of this compound
on the UHPLC-HRMS. Additional details are provided in SI
Section 1.9.
2.5. Extractable Organofluorine Analysis. We analyzed

extractable organofluorine (EOF) in selected surface water,
sediment, and biological tissue samples at Harvard University
(SI Section 1.10). Extractions followed the methods used for
targeted PFAS analysis, but internal standards were not added
prior to extraction. All sample extractions included a WAX SPE
cleanup step with a 0.01% NH4OH in Milli-Q water rinse for
inorganic fluorine removal.

Protocols for EOF analysis followed those described in prior
work.19 Extracts were split for analysis of EOF and targeted
PFAS. EOF was analyzed by combustion ion chromatography
(CIC) using a Metrohm CIC with combustion unit from
Analytik Jena (Jena, Germany), 920 Absorber Module, and
930 Compact IC Flex ion chromatograph from Metrohm
(Herisau, Switzerland). Sample extracts (100 μL) were
injected into the combustion unit at 1050 °C, and anions
were separated with an ion exchange column (Metrosep A
Supp 5-150/4) operated at 30 °C, with sodium carbonate−
bicarbonate buffer as the eluent and isocratic elution. The
fluoride (F−) concentration was measured via ion conductivity.
To determine the fraction of EOF accounted for by targeted
PFAS, the other extract split was spiked with internal standard
following extraction and analyzed by LC-MS/MS, and PFAS
concentrations were converted to fluorine-equivalents for
direct comparison.

Concentrations above the instrumental background were
corrected by subtracting the extraction blank average. MDLs
were calculated as 3 times the standard deviation of the average
matrix extraction blank adjusted by the dilution factor. We
evaluated removal of inorganic fluorine using a sodium fluoride
spike (average: 95 ± 10%, Table S10) and organofluorine
recovery using a PFAS mixture spike (average: 83 ± 19%,
Tables S11 and S12) in procedural and matrix samples across
all sample types.
2.6. Stable Isotope Analysis. Samples of dorsal muscle

(eel and fish species) and soft tissue (invertebrates) were
homogenized, dried at 60 °C for at least 48 h, and ground into
a fine homogeneous powder.35 Samples (520 ± 120 μg) were
weighed in tin capsules, and carbon and nitrogen stable
isotopes (δ13C and δ15N) and elemental composition (% C
and % N) were determined on an isotope ratio mass
spectrometer (Thermo Flash 2000) coupled to an elemental
analyzer (EA-irMS) at Harvard University. Carbon and
nitrogen isotopic composition were expressed as per mil
(‰) relative to Vienna PeeDee Belemnite limestone and
atmospheric nitrogen, respectively. All δ13C values were
normalized using the carbon-to-nitrogen ratio (C:N) to
account for variable lipid content.35 Additional details on

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c07016
Environ. Sci. Technol. 2024, 58, 19440−19453

19442

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c07016/suppl_file/es4c07016_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c07016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


isotope analyses and δ13C normalization are provided in SI
Section 1.11.
2.7. Statistical Analyses. All statistical analyses were

performed in Python version 3.7.4 using SciPy36 and
statsmodels.37 Targeted PFAS with <70% detection frequency
were excluded from statistical summaries. For analytes with
≥70% detection frequency, we replaced values <MDL using
simple imputation (MDL/√2). Detectable PFAS concen-
trations in surface water and biological tissue samples were
used to calculate field-measured bioaccumulation factors
(BAF) (μg of PFAS kg−1 wet-weight biota tissue/μg of
PFAS L−1 water). Detectable PFAS concentrations in surface
sediment and benthic tissue samples were used to calculate
field-measured biota-sediment accumulation factors (BSAF)
(μg of PFAS kg−1 wet-weight biota tissue/μg of PFAS kg−1

sediment normalized to the fraction of organic carbon) (SI
Section 1.12).

We used principal component analysis (PCA) and
hierarchical clustering to examine changes in the composition
of PFAS in water and aquatic biota at various distances away
from the AFFF-contaminated source zones. Results from the
PCA are based on center-log ratio transformed molar
compositional scaled data with nondetects <60% detection
frequency imputed using MDL/√2, following prior stud-
ies.7,22,38 We tested for statistically significant differences
among PFAS concentrations by location and species using one-
way analysis of variance (ANOVA) followed by Tukey’s
honestly significant difference (HSD) test for surface water and
sediment samples and Kruskal−Wallis followed by the Dunn−
Bonferroni post hoc test for tissue samples (SI Section 1.12,
Table S13A−C).

3. RESULTS AND DISCUSSION
3.1. Fishes throughout AFFF-Impacted Watershed

Exceed Consumption Guidelines. Concentrations of
targeted PFAS in water and fish tissues decreased down-
gradient of the AFFF-impacted source zones (Figures 1B and
S3). The sum of targeted PFAS concentrations in surface water
was significantly higher at sites closest to the AFFF source
zones (140−580 ng L−1) compared to the downgradient sites
(11−75 ng L−1, Dunn, p < 0.05, Table S13A). Similarly, tissue
PFAS concentrations were highest for fishes collected from the
upgradient sites closer to the AFFF-impacted source zones
(60.9−416 ng g−1 in Moody Pond and the Quashnet River,
Table S14). In the downgradient estuary (Waquoit Bay) and
background watershed (Santuit River), the sum of targeted
PFAS concentrations in fish tissues was significantly lower
(0.11−17 ng g−1, Dunn, p < 0.05, Table S13B) than the
upgradient sites. Concentrations of the sum of targeted PFAS
in sediment were low (<MDL-21 ng g−1) throughout the
AFFF-impacted watershed (Table S14), likely reflecting the
low organic carbon content sediment characteristic of the Cape
Cod aquifer, which was <5% at all sites except the upper
Quashnet River (Table S1). Accordingly, PFAS concentrations
in fish tissues were more strongly associated with water
concentrations (r = 0.8−0.9, p < 0.05) than sediment
concentrations (r = 0.1−0.4, p > 0.05, Figure S4).

We measured both muscle tissue and whole-body PFAS
concentrations for some fish species and eel, which are
reported separately here (Table S2). Whole-body PFAS
concentrations were significantly higher than in muscle tissues
(Kruskal−Wallis, p < 0.05, Figures S5 and S6), but PFAS
composition was similar (Figure S7). Levanduski et al.39

suggested whole-body to muscle fillet conversion factors of
0.50−0.55 for PFOS and the n = 9−11 perfluorinated carbon
(C9−C11) perfluorocarboxylates (PFCA), and 0.52 for total
PFAS based on the combination of these four analytes. We
calculated slightly lower values (range: 0.33−0.48) for these
same PFAS compared to the prior study and a higher total
PFAS value (0.62 ± 0.11) when including all additional
analytes measured by targeted analysis (Figure S8). Lower
values in this study for the four targeted PFAS likely reflect the
smaller sample size in our study, as well as variability among
species and sites. The higher value for total PFAS in this study
does overlap with the prior study when considering the
standard error of the slope, but additionally reflects inclusion
of analytes such as FASA that have a high propensity for
bioaccumulation,15 and may partition differently among
organs. When available, such conversions may be better
captured by direct measurements.

At the upgradient sites (Moody Pond/Quashnet River), 14
targeted PFAS were detected in all biological samples
including: PFHxS (C6 PFSA), PFOS (C8 PFSA), perfluor-
odecanesulfonate (C10 PFSA), perfluorononanoate (PFNA)
to perfluorotetradecanoate (PFTeDA) (C8−C13 PFCA), C4−
C6 and C8 FASA, and 7:3 fluorotelomer carboxylate (FTCA)
(Table S15). A maximum of 22 of 38 targeted PFAS were
detected in eel and two fish species samples. PFOS accounted
for the greatest fraction (range: 13−90%, average: 53 ± 22%)
of the targeted PFAS measured in eel and other fish tissues
from Moody Pond and the Quashnet River (Figure S7), with
concentrations ranging between 21 and 220 ng g−1 in both
muscle and whole-body samples (Table S14). All fish muscle
tissue and whole-body samples exceeded the 1 meal/month
limit of 15 ng g−1 PFOS for the general population set by the
state of Massachusetts in 2021 (Figure 1B).42 Muscle tissue
concentrations in two species (yellow perch: Perca f lavescens
and American eel: Anguilla rostrata) exceeded the 1 meal/6-
month limit (91 ng g−1 PFOS) for the general population and
the do-not-consume limit (81 ng g−1 PFOS) for sensitive
populations (Table S16).42

High concentrations of FASA (10−230 ng g−1) were
detected in fish species from the upgradient sites in the
AFFF-impacted watershed (Figure 1B, Table S14) and
accounted for 16−85% (average: 46 ± 20%) of targeted
PFAS.15 C4−C6 FASA are stable intermediate transformation
products of C4−C6 perfluoroalkyl sulfonamido precursors that
make up large fractions of the PFAS in ECF AFFF.12,43

Persistence of FASA in the downgradient ecosystem is
consistent with their stability against oxidation and slow
transformation.9,12 No regulatory thresholds have been
established for FASA despite preliminary data showing
potential toxicity and bioaccumulation potential.44,45 These
results highlight an urgent need for advisory programs to
consider FASA when developing fish consumption guide-
lines.15

In the estuary (Waquoit Bay), all fishes and eel contained
detectable concentrations of PFOS and the C10−C13 PFCA.
A maximum of 15 of 38 targeted PFAS were detected in four
fish species (Table S15). Estuarine fish tissues had significantly
lower PFOS concentrations (0.65−11 ng g−1; Dunn, p < 0.05,
Table S13B) compared to freshwater fish tissues from the
upgradient sites (Figure 1B, Table S14). Fishes and eels from
the downgradient sites exceeded the ≤0.50 ng g−1 limit
considered suitable for unlimited consumption.42 Estuarine
fishes had a lower proportion of FASA and a greater
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proportion of C10−C13 PFCA present compared to
upgradient freshwater fishes (Figure S7). Similarly, PFOS
and >C10 PFCA accounted for the greatest proportion of
targeted PFAS in fish tissues from the background watershed
(Santuit River) (Figure S7). Background PFAS concentrations
in fishes may reflect diffuse sources such as agrochemical use,46

atmospheric deposition,47,48 and septic system inputs,49 the
primary wastewater management and nutrient source in the
study region.50−52

Among estuarine shellfish, PFOS and the C8 and C10−C13
PFCA were detected in ≥80% of blue crab (Callinectes sapidus)
samples but most quahog (Mercenaria mercenaria) samples did
not contain detectable PFAS (Table S15). Quahogs are filter
feeders that burrow into sediment and obtain food from
settling particles in the water,53 whereas blue crabs
opportunistically consume a combination of bivalves, crusta-
ceans, and fishes, as well as plants and detritus (Table
S2).54−56 Both the sediment (0.10−1.5 ng g−1) and unfiltered
surface water (11−33 ng L−1) from the estuary had low PFAS
concentrations (Table S14). This may partially reflect the
lower uptake of PFAS in bivalves, which has also been
observed in past work.57−59

3.2. Targeted PFAS Account for Most Extractable
Organofluorine (EOF) in Biological Tissues. In past work
on surface waters from the same AFFF-impacted watershed,7

the fraction of unexplained organofluorine (EOF minus
targeted PFAA and oxidizable precursors) increased from
37% at sites closest to AFFF source zones to 39−76% at sites
closest to the estuarine mouth of the river. The authors
hypothesized that this may predominately reflect diffuse
releases of fluorinated pharmaceuticals from domestic and
municipal wastewater disposal and agrochemicals that are
infrequently measured alongside PFAS in fluorine mass
budgets.7,60

In this study, additional analytical standards were available
for FASA, which improved and expanded the quantification of
precursor concentrations. With this improvement in analytical
precision, we found unexplained organofluorine measured in
surface water samples from the same locations decreased to
29−40% at sites closest to the AFFF source zones and 24% at
sites closest to the estuarine mouth of the river (Table S17,
Figure S9). Targeted PFAS and EOF concentrations were
strongly correlated in the water samples (Figure S9).
Differences between studies in unexplained organofluorine
fractions may also reflect temporal/seasonal variations in septic
system and agrochemical inputs into the downgradient
watershed. For example, fluazifop-p-butyl, an active ingredient
with a −CF3 group used in herbicides to control perennial
grasses, was identified using suspect screening with greater
peak area abundance in surface waters downgradient in the
AFFF-impacted and background watershed (Table S18, Figure
S10).61 In both studies, EOF concentrations in surface waters
were highest closest to the AFFF source zones (Moody Pond)
and lowest at the downgradient sites near the estuary (Table
S17, Figure S9).7

In fishes and eel, EOF concentrations were highest (35−280
ng F g−1) at sampling locations closest to the AFFF source
zones and decreased with distance downgradient, analogous to
spatial patterns observed for targeted PFAS (Figure 2A). EOF
concentrations were below detection in samples from the
estuary as well as the background watershed site (Table S17).
Targeted PFAS and EOF concentrations were strongly
correlated in biological tissues (Figure 2B,C). The terminal
PFAA accounted for an average of 44% (95% confidence
interval (CI): 37−55%) of the EOF across biological species
and sites (Figure 2B). When targeted precursors such as FASA
were included, the average fraction of EOF in species
accounted for by the targeted PFAS measurements increased

Figure 2. Extractable organofluorine (EOF) mass budget in biological tissue samples. (A) Comparison of EOF concentrations (ng F g−1) in eel and
fish muscle tissue (n = 2−7) and whole-body (n = 3−10) samples to summed concentrations (ng F g−1) of targeted per- and polyfluoroalkyl
substances (PFAS) (Table S17) grouped by perfluoroalkyl acids (∑PFAA) and precursors (∑Precursor), which includes perfluoroalkyl
sulfonamides (FASA), fluorotelomer sulfonates (FTSA), and fluorotelomer carboxylates (FTCA). In panel (A), hatched bars indicate >70% of
samples were below the method detection limit (MDL). Error bars represent the standard error in biota samples grouped by site. (B) Comparison
of ∑PFAA to EOF concentrations in aquatic biota. (C) Comparison of ∑PFAA + ∑Precursor to EOF concentrations in aquatic biota. Each
marker represents an average by species, tissue type, and location. EOF error bars represent the standard deviation of replicate measurements, and
targeted PFAS error bars represent the average weighted error based on the relative percent difference between sample method replicates. Marker
type denotes sample site collection, marker color denotes species, and open markers represent muscle tissue samples, whereas closed markers
represent whole-body samples. Weighted least-squares linear regression (gray solid line) with 95% confidence intervals (shaded gray area) for
aquatic biota are compared to the 1:1 line (black dash).
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to 93% (95% CI: 79−110%) (Figure 2C). These data indicate
there is little unexplained organofluorine in biological tissues in
the AFFF-impacted watershed and that precursors account for
a substantial portion of their tissue burdens.

The proportion of unexplained organofluorine in biological
tissues from the AFFF-impacted watershed did not increase
with distance from the source zones, consistent with surface
water measurements in this study, and instead reflected
interindividual variability (Figure 2). The lower proportion
of unexplained organofluorine in biological tissues (0−49%)
relative to surface water samples (24−40%) suggests some of
the unidentified organofluorine present in surface waters does
not readily bioaccumulate in tissues or unidentified precursors
are metabolized in vivo.

Nontargeted analysis of aquatic biota revealed 14 additional
PFAS identified using suspect screening, 7 of which were also
identified in surface water samples (Table S18, Figures S10−
S12). These included the C3 FASA, the C6 and C8
perfluoroalkyl sulfinic acids, the H-substituted C6, C8, and
C10 PFSA, and the unsaturated C8 PFSA. Suspect PFAS only
identified in biota samples included the C5 FASA with a
methylated sulfonamide headgroup, the C7 FASA, a C8 PFSA
with a pentafluorosulfide group, an ether-based C9 PFSA, and
the longer-chain C10 and C11 PFSA (Table S18). The suspect
PFAS identified in aquatic biota were variations of sulfonate-
based PFAS and additional FASA. Given that most of the EOF
was explained by the targeted analytes (Figure 2C), it is likely
that these compounds are present at relatively low concen-
trations compared with the PFAA and targeted FASA.

All biota samples from the downgradient estuary and the
background site contained 1,1,1,2,2-pentafluoro-7-phenylhep-
tan-3-one (FKGK11) (Figures S11 and S12). FKGK11 was
identified at a confidence level of 3 and detected in 66% of
aquatic biota samples but not in surface water samples (Table
S18). This compound contains a −CF2CF3 group and is a type
of polyfluoroketone pharmaceutical used as a selective
inhibitor for certain phospholipase enzymes.62,63 Similar to
other suspect PFAS, the peak area abundance did not change
as a function of distance from the AFFF source zones (Figures
S11 and S12). Based on this spatial pattern, we speculate that
diffuse septic system discharges in the watershed are the source
of FKGK11 in biological tissues.
3.3. Attenuation of the AFFF Signature in Down-

gradient Fish Samples. Past work has shown that the
composition of PFAS in environmental and human samples
can be useful for identifying predominant PFAS sour-
ces.22,64−67 Applying such techniques is helpful downgradient
of large source zones, where diffuse sources may mix with the
original PFAS contamination profile. In prior work in the same
AFFF-impacted watershed, the PFAS composition in down-
gradient surface water was statistically enriched in C6 ECF
precursors compared to watersheds without known AFFF
contamination, indicating an ECF AFFF source.7 Principal
component analysis (PCA) showed that the AFFF-impacted
watershed was distinguishable by elevated loadings of PFHxS,
PFOS, and C6 ECF precursors. Background sites contained
more abundant PFCA/PFSA ≤ C4, indicating diffuse
contamination sources (Figure S13).7

Similarly, in this work the enrichment of C4 PFSA in the
downgradient estuary (Figure 3A) and background site
(Santuit River) (Figure S13) points to septic system inputs.
This is consistent with prior work that identified C4 PFSA as a
human waste indicator.49,51 The enrichment of C4 FASA in

the background site points to either septic system inputs or
atmospheric deposition as this compound is now widely used
in certain manufacturing processes, is a known degradation
product of other sulfonamido precursors, and has been
detected in water and fish from other background
sites.25,68,69 The PFAS composition in surface water samples
collected closest to the AFFF source zones (Moody Pond) is
enriched in PFHxS (C6 PFSA) and C4−C6 FASA (ECF
precursors) (Figure 3A), indicative of an ECF AFFF source.

Commercial availability of analytical standards for FASA ≤
C6 since publication of our prior work enabled quantitative
detection of different short-chain FASA in this work.7 All three
sampling locations (Moody Pond, the Quashnet River, and
Waquoit Bay) cluster separately based on their PFAS
composition. Along the dominant component (PC1), the
Quashnet River falls between Moody Pond and Waquoit Bay,
indicating dilution of the dominant AFFF source signature
along the flow path of the river (Figures 3A and S14). More
diffuse sources are apparent in water samples from the
downgradient estuary (Waquoit Bay) that have high loadings
of various long-chain PFCA in PC1 and PC2 (Figure 3A,B).
Results of this analysis indicate the surface water PFAS
composition characteristic of ECF AFFF can persist for
substantial distances in downgradient watersheds. In this
case, the AFFF signature can be detected until the flow path
enters the marine environment (>8 km from the source
zones).

For fishes, the PFAS composition similarly shows distinct
transformations along the hydrological flow path away from
the AFFF source zones (Figure 3C). The dominant
component (PC1) shows freshwater fish samples closest to
the source zones (Moody Pond) are enriched in FASA
compared to downgradient estuarine fish samples that are
relatively enriched in the long-chain C9−C13 PFCA (Figure
3C,D). Like the surface waters, fish samples collected from the
Quashnet River fall between Moody Pond and Waquoit Bay
along PC1 (Figures 3C and S15). Along PC2, fish samples
from the Quashnet River are enriched in C6/C8 PFSA
(PFHxS and PFOS) compared with fish samples from Moody
Pond and Waquoit Bay. PFOS is the dominant terminal PFAA
in ECF AFFF, and enrichment in PFHxS likely reflects C6
FASA precursor transformation and accumulation in fish
tissues along the flow path away from the AFFF source zones
(Figure 3C). Declining C6 FASA composition and increasing
PFHxS abundance in fish tissues has previously been reported
downgradient of an AFFF source zone.11

Unlike the fish samples, the PFAS composition measured in
eel did not change along the hydrological flow path (Figure
3C). PFOS accounted for 73−90% of total targeted PFAS in
eel (Figure S16). High relative composition in tissues,
combined with low detection of precursors, placed eel as an
outlier on the PCA. Eel had similar δ13C isotope values as
other fishes from the same surface waters, suggesting they
share similar energetic pathways as other benthic and
benthopelagic fish species (Table S2, Figure S17).70,71 Apart
from the one adult eel captured in Moody Pond, eel from both
riverine and estuarine sites had only slightly higher δ15N values
(±0.2−1.5‰) relative to other species (Table S2, Figure S18).
This suggests no substantial differences in trophic position and
that extensive metabolism of precursors by consumed prey is
unlikely. The distinct PFAS composition in eel that mainly
consists of PFOS and exhibits low FASA concentrations
compared to fishes may therefore reflect differences in
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precursor uptake and metabolism and would be an interesting
focus of future work.

The isomer composition of PFOS and PFHxS may also
provide clues about source loadings to different sampling
locations.72 The ECF manufacturing process for AFFF is

known to produce PFHxS and PFOS with approximately 70−
80% linear isomers and 20−30% branched isomers.73 The
composition of linear isomers of PFHxS (87 ± 0.40%) and
PFOS (71 ± 3.7%) measured in surface water samples from
this work were similar to values reported in past work for the

Figure 3. Principal component analysis (PCA) for targeted per- and polyfluoroalkyl substances (PFAS) in (A) surface waters and (C) fish species
and eel from locations downgradient of legacy aqueous film-forming foam (AFFF) source zones. PFAS are indicated by their perfluorinated carbon
chain length (Cn). Isomers are indicated as branched (Br) and linear (L). Marker type denotes the site of species collection, and lighter shaded
markers refer to muscle tissue samples, whereas darker shaded markers refer to whole-body samples. Loading scores are shown for (B) surface
water and (D) fish samples with dominant loadings (factor >0.15) shaded. Groupings based on hierarchical clustering are shown in the Supporting
Information (SI) and are consistent with the PCA shown here (Figures S14 and S15).
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same AFFF-impacted watershed (85 ± 2.0% for PFHxS and 67
± 10% for PFOS).7 Isomeric composition did not change with
distance for PFHxS, but the fraction of total PFOS present as
the linear isomer decreased slightly between Moody Pond (75
± 0.38%) and the downgradient estuary (67 ± 1.3%) (Table
S16). This stable isomeric composition is consistent with the
persistence of the ECF AFFF signature in downgradient
surface waters.

In fishes and eel samples, linear isomers accounted for 94 ±
5.0% of total PFHxS and PFOS, likely due to more efficient
uptake and more limited elimination compared to the
branched isomers, as described in prior work.74−77 Variability
in isomeric composition was greater across species than across
sampling locations (0−20% branched PFHxS and PFOS
isomers across biota samples). These results suggest that
variability in isomer metabolism across species affects the
isomeric profiles more than source composition. Branched
isomers for C6 and C8 FASA were abundant in all samples
(Table S16), but FASA were integrated and interpreted as the
sum of isomers in this study since branched isomer analytical
standards were not available. PFAS composition may thus be
more useful than the isomer composition for tracking PFAS
source signatures in biological tissues.
3.4. Source Proximity and Physicochemical Proper-

ties of PFAS Drive Tissue Concentrations. Quantitative
data on PFAS discharges to U.S. waterbodies from diverse
sources that have been identified or are suspected are not yet
readily available.65,67,78 Past studies have therefore used a
simple exponential decay function with hydrological distance

between sources and affected waterbodies as a first
approximation of their relative influence.22,79 However, limited
data are available to evaluate the reliability of such
approximations.

We used the data collected in this study to examine changes
in PFAS concentrations in surface water and eel and fish
species throughout the watershed downgradient of the AFFF
source zones (Figure 4). In the figure, we show the
hydrological distance between the most upstream Quashnet
River location and Waquoit Bay. Other parts of the flow path
could not be described in this manner due to complex
groundwater/surface water exchanges.9,12,29,80 Regional hydro-
logic studies have confirmed a groundwater connection
between Moody Pond and the Quashnet River, but this has
not yet been traced in detail.81

Qualitatively, there is a large decline in targeted PFAS
surface water concentrations between Moody Pond and the
upgradient Quashnet River (Figure 4A). After this decrease,
measured PFAS concentrations along the Quashnet River flow
path follow a near-linear decline in targeted PFAS with
hydrological distance. A linear decline is suggestive of simple
dilution as the dominant factor controlling concentrations
along this stretch of the river (Figure 4A). Simplified modeling
approaches used in prior work22,79 do not capture the
hydrological complexity of this watershed, but do appear to
provide a reasonable first approximation of the relative
influence of PFAS sources in areas where the true hydrological
pathways are not well-defined.

Figure 4. Decline in targeted sum concentration (ng L−1 or ng g−1 wet-weight) of perfluorocarboxylates (∑PFCA), perfluorosulfonates (∑PFSA),
and perfluoroalkyl sulfonamides (∑FASA) by site and with hydrological distance for (A) surface water, (B) fish and eel muscle tissue, and (C) fish
and eel whole-body samples. The Quashnet River surface water samples include data from this study (diamonds) and Ruyle et al.7 (squares). Best
fit (R2 and p-values) represent weighted least-squares linear regression (colored lines) with 95% confidence intervals (shaded areas) for surface
water samples (diamonds/squares) and eel muscle tissue and whole-body samples (triangles) from the river and estuary.
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We measured PFAS concentrations in one species (eel) at all
sampling locations in this study (Figure 4B,C). In the reaches
of the river, concentrations in eel decreased linearly with
distance from the AFFF-contaminated source zones, similar to
the decrease in water concentrations. There was no significant
decline for ∑PFCA or ∑FASA due to low concentrations
detected in all of the eel samples. For ∑PFSA, declines in
surface water concentrations indicated by the slope of the
regression (mean: −0.020, 95% CI: −0.023 to −0.017) overlap
with confidence intervals for changes in eel concentrations
(mean whole-body: −0.016, 95% CI: −0.038 to 0.007),
suggesting the rates of decline are not significantly different.
However, a shallower decline in PFAS concentrations in eel
and fish species relative to water concentrations across sites
likely reflects species migrations throughout the river across
gradients in contamination.

Variability in PFAS concentrations and composition in
aquatic biota across sites was greater than variability among
species (Figures S5 and S6). Within each sampling location, we
found minimal significant differences (Dunn, p < 0.05) in
PFAS concentrations among species (Table S13B,C). Aquatic
species from Moody Pond and the Quashnet River were all
within an estimated 0.7 trophic position difference based on
their tissue δ15N, suggesting similarity (Figure S18). Trophic
position estimates based on tissue bulk δ15N values are
sensitive to variable trophic enrichment among species as well
as potential baseline differences among trophic pathways (e.g.,
benthic vs pelagic) and may influence estimates for certain
species in this work (Figure S18).82,83 Nonetheless, PFAS
concentrations generally did not vary as a function of the
established trophic position estimates at these sites (Table S2).
The greatest variability in δ15N values among species was
observed in the downgradient estuary (Figures S17 and S18),
but there was no significant relationship between ∑PFAS and
δ15N, δ13C, or fish size (Table S19). These results are

consistent with past work showing fish PFAS concentrations
depend mainly on proximity to point sources and propensity
for partitioning to biological tissues as a function of their
physicochemical properties.24,27,84

Field-measured log10 bioaccumulation factors (BAF) for
PFOS ranged between 2.0 and 4.0 across species and tissue
types (Figures 5 and S19, Table S20). For the longer-chain
C9−C12 PFCA, log10 BAF ranged from 2.6 to 4.5 across
aquatic species but was not a dominant contributor to the
overall PFAS burden in biological samples (Figures 5 and S19,
S20, Table S20). Field-measured log10 BAF values for FASA
(C4−C8) were higher (1.2−4.9) than those for both PFCA
and PFSA of equivalent chain length (0.10−4.0) (Figures 5
and S19, Table S20).

Physicochemical properties of PFAS affect their uptake in
food webs and drive a chain-length-dependent relationship
with BAF among each class of PFAS. Similar to past work,27

we found a statistically significant linear relationship (p < 0.05)
between log BAF and PFCA and PFSA perfluorinated carbon
chain length (R2 = 0.50−0.76) (Figures 5 and S19). The slope
of both relationships was similar (Figure 5), suggesting that
hydrophobicity and molecular weight with increasing per-
fluorinated carbon chain length were the dominant factors
controlling partitioning to biological tissues (proteins/
phospholipids).85−87

By contrast, we observed only weak chain-length-dependent
patterns in bioaccumulation for FASA (R2 = 0.04−0.13). This
suggests molecular weight and hydrophobicity are not as
important for accumulation in biological tissues for this class of
precursors. Partition coefficients for short-chain FASA are
predicted to be much lower than those for PFOS, despite
substantially higher field-measured BAF.88 The hydrophilic
nature of the sulfonamide headgroup in FASA allows for a
greater fraction of neutral FASA to be present in solution,
allowing for greater membrane permeability and higher

Figure 5. Field-measured bioaccumulation factors (log10 BAF, L kg−1 wet-weight) for perfluorocarboxylates (PFCA), perfluorosulfonates (PFSA),
perfluoroalkyl sulfonamides (FASA), and other targeted precursors in whole-body eel and fish samples from sites within the aqueous film-forming
foam (AFFF)-impacted and background watersheds. Each marker indicates an individual measurement. Marker type denotes sample site collection,
and marker color denotes species. R2 and p-values are based on linear regression (shown as solid lines with 95% confidence intervals) of BAF data
for C5−C10 PFCA (PFHxA-PFUnDA), C4−C8 PFSA (PFBS−PFOS), and C4−C8 FASA (FBSA−FOSA). Per- and polyfluoroalkyl substances
(PFAS) that have a tendency to bioaccumulate (log10 BAF ≥ 3.0) are indicated above the red dotted line. Data originally presented in Pickard et
al.15 are shown in the gray box. Figure S19 shows BAF results for muscle tissue samples, and BAF data are provided in Table S20.
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intracellular levels in lipid-rich tissues, as discussed in Pickard
et al.15,44 Similar uptake of FASA across different perfluori-
nated carbon chain lengths are suggestive of specific kinetic
processes or facilitated uptake of these compounds that does
not depend on passive diffusion or equilibrium chemical
partitioning. Further studies on the tissue-specific uptake and
partitioning of FASA are needed to fully understand
bioaccumulation patterns for this abundant class of precursor
PFAS.

Biota-sediment accumulation factors (BSAF, kg organic
carbon kg−1 wet-weight) for PFAS were much lower (log10
BSAF = −1.2 to 1.4) than BAF in benthic species (Figures S21
and S22, Table S21). Similar to the review by Burkhard et al.,89

only fishes with PFCA ≥ C8, PFHxS, PFOS, and FASA had
log10 BSAF > 0.01, and shellfish had negative log10 BSAF
values. BSAF in biota samples showed decreasing trends with
perfluorinated carbon chain length for PFCA > C9 (Figure
S21), consistent with prior studies, indicating lower bioavail-
ability of long-chain PFCA due to greater sorption to organic
carbon.45,57

3.5. Implications. Fish and shellfish are an important
dietary PFAS exposure source for humans and wildlife.11,80,90

Prior to 2010, most U.S. fish consumption advisories91 were
for methylmercury and persistent organic pollutants (POPs)
like polychlorinated biphenyls that strongly biomagnify in food
webs.92,93 Trophic level is one of the strongest predictors of
tissue burdens for these legacy pollutants. By contrast, PFAS
show weak or negative trophic magnification in most aquatic
food webs, and mechanisms of accumulation of ionogenic
PFAS differ from those of neutral POPs.4,86 We found limited
evidence of PFAS accumulation as a function of estimated
trophic position (Figure 5). Instead, proximity to contami-
nated source zones and physicochemical properties of different
PFAS that affect partitioning to tissues are better predictors of
observed concentrations.

In this study, we showed PFAS concentrations declined
linearly in water and aquatic biota with hydrological distance in
the downgradient Quashnet River (Figure 4) and qualitatively
showed an exponential decline between the upgradient
freshwater pond (Moody Pond) and downgradient estuary
(Waquoit Bay). Despite these declines, tissue PFAS concen-
trations exceeded state-level fish consumption guidelines for
PFOS throughout the AFFF-impacted watershed, even >8 km
away from the source zones (Figure 1). Our mass budget for
EOF in biological tissues showed that PFOS accounted for less
than half (38 ± 16%) of the EOF throughout the watershed
(Figure 2). These findings reinforce the importance of
expanding the PFAS analytes currently considered by fish
advisory programs.

Our work reinforces that statistical clustering techniques are
useful for identifying predominant PFAS sources in both water
and aquatic biota. We identified PFAS characteristic of AFFF
contamination in both surface waters and biological tissues
(C4−C6 FASA and PFHxS) throughout the AFFF-impacted
watershed (Figure 3). The AFFF source signature became
indistinguishable from the background site in water and biota
only when it entered the downgradient estuary and mixed with
seawater. Biological monitoring that considers all hydro-
logically connected regions within PFAS-impacted watersheds
could help safeguard public health.
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