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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic compounds used in
commercial applications, household products, and industrial processes. The concern around

the environmental persistence, bioaccumulation and toxicity of this vast contaminant class
continues to rise. We conducted a review of the scientific literature to compare patterns of

PFAS bioaccumulation in marine organisms and identify compounds of potential concern. PFAS
occurrence data in seawater, sediments, and several marine taxa was analyzed from studies
published between the years 2000 and 2020. Taxonomic and tissue-specific differences indicated
elevated levels in protein-rich tissues and in air-breathing organisms compared to those that
respire in water. Long-chain perfluoroalkyl carboxylic acids, particularly perfluoroundecanoic
acid, were detected at high concentrations across several taxa and across temporal studies
indicating their persistence and bioaccumulative potential. Perfluorooctanesulfonic acid was
elevated in various tissue types across taxa. Precursors and replacement PFAS were detected

in several marine organisms. Identification of these trends across habitats and taxa can be
applied towards biomonitoring efforts, determination of high-risk taxa, and criteria development.
This review also highlights challenges related to PFAS biomonitoring including (i) effects of
environmental and biological variables, (ii) evaluation of protein binding sites and affinities, and
(iii) biotransformation of precursors.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are anthropogenic organic compounds with
over 8000 unique known structures in the Toxic Substances Control Act Inventory.l: 2 They
have been used in commercial and industrial applications since the 1940s. Due to their
widespread use in commercial products such as food packaging, water-repellent textiles and
coatings, fire-fighting foams, and others, PFAS are ubiquitous in the environment. PFAS
have been described as the “forever chemicals™ for their persistence in the environment
and resistance to degradation; they are particularly difficult to break down because of the
strength of their carbon-fluorine bonds. Unlike other persistent organic pollutants (POPs)
like polychlorinated biphenyls (PCBs) and chlorinated pesticides, PFAS are amphiphilic
and, therefore, their binding affinities and partitioning properties are different from other
organic contaminants.* Due to these unique properties and the large number of structurally
different chemicals, the assessment of PFAS bioaccumulative potential and toxicity is a very
challenging task.l As more reports on their persistence and toxicity emerged, manufacturers
began voluntarily phasing out production of certain PFAS products in the early 2000s.
Some countries have also imposed regulations and guidelines on PFAS usage of several
compounds.® Despite reduced use of legacy compounds, PFAS continue to be produced and
detected worldwide and their long-range transport continues to raise concern even in remote
locations.3: 6

The attention towards adverse impacts of PFAS has largely been related to human health
hazards but the concern around their bioaccumulation in biota, and specifically marine
biota, is rising as more studies report their prevalence in these habitats. PFAS have

been shown to adversely affect several physiological processes and metabolic pathways’
that are conserved across phyla. Maternal transfer of several PFAS, including emerging
PFAS, to fetus has been documented.8 Identification of trends related to occurrence, fate,
behavior, and bioavailability of PFAS is critical to understanding the risks posed by

this class of contaminants. Further, comparative evaluations of trends support selection
of priority PFAS for monitoring programs which are relevant to risk assessments and
implementation of management options. Selection and grouping of PFAS based on their
bioaccumulative potential (focused on protein binding properties) coupled with toxicity
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(focused on disruption of key metabolic pathways) can streamline management efforts.® For
example, such efforts are useful in the derivation of protective criteria intended to identify
concentrations below which an individual PFAS would not represent a significant toxic risk.
Based on their high persistence, bioaccumulation and hazard potential, Kwiatkowski et al
have proposed management of PFAS as a class, rather than individual chemicals.3

In this review, we focus on the occurrence and bioaccumulation of PFAS in marine
organisms and present comparisons for taxonomic classes ranging from marine plankton

to mammals. We have collected data from published studies across temporal and spatial
scales to identify overall trends of PFAS bioaccumulation in the marine environment. For
this review, temporal scales include individual years while spatial scales extend over large
regions of marine systems (e.g., large sections of oceans). Bioaccumulation trends over
spatial and temporal scales are valuable for identifying priority contaminants of concern and
high-risk taxa. Additionally, region- and population-specific trend assessments are required
to advance biomonitoring efforts in specific areas (e.g., bays, contaminant hotspots). Of
course, the more highly resolved data across temporal and spatial scales are important to
understand PFAS bioaccumulation trends in specific areas (e.g., bays).10 Such localized data
provide us insights into risks to local fauna and identification of hotspot regions. However,
trends that hold over large spatial and temporal scales provide robust comparisons, assisting
in prioritization of chemicals of highest concern and identification of most vulnerable
species. In addition, trends that are observed in temporal studies (as discussed in this review)
conducted in different regions further highlight the usefulness of our approach. Syntheses of
bioaccumulation trends across taxa, as presented in this review, can help to better understand
the management of this vast contaminant class.

In recent decades, PFOS (perfluorooctanesulfonic acid) and PFOA (perfluorooctanoic acid)
have been the subject of numerous studies which have investigated their bioaccumulation
and toxicity across different taxa.11-13 PFOS biomagnification has also been observed in
arctic food webs.* 12 The PFAS bioaccumulation trends and comparisons presented in this
review include perfluoroalkyl sulfonic and carboxylic acids (PFSAs and PFCAs respectively,
or simply sulfonic and carboxylic acids hereafter), as well as several precursor and
replacement compounds. Replacement PFAS have been introduced as substitutes for more
hazardous PFAS;14 however, some of these replacements as well as precursor compounds
are detected across species and are raising concern.? 14. 15 These comparisons across taxa
also highlight good bioindicator species of PFAS bioaccumulation.

Advancement of our understanding of PFAS occurrence and bioaccumulation, and more
specifically biomagnification, towards the goal of better risk management requires more
information on uptake and elimination kinetics. Despite the ubiquity of PFAS in marine
organisms, bioaccumulation data comparisons are challenging because of differences in
reporting concentrations (use of wet versus dry weight) and data compilation metrics
(arithmetic means, geometric means, ranges, medians).16 This review also identifies such
challenges and data gaps in PFAS bioaccumulation research as well as highlights the need
for standardization in reporting PFAS concentrations in biota. While we summarize the
presence of PFAS in seawater, marine sediments and organisms, reporting on the toxicity of
PFAS to marine organisms is beyond this review’s scope.
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METHODS

Web of Science and Google Scholar were utilized for conducting literature searches.
Published studies were selected for data extraction using keywords as described below

and filtered for publication time range 2000-2020. The majority of the selected studies
were identified from Web of Science (all databases) searches using keywords (1) PFAS and
marine organisms (73 results), (2) per and polyfluoroalkyl substances and marine organisms
(24 results), (3) per and polyfluoroalkyl substances marine occurrence (21 results), (4)
PFAS bioaccumulation in marine organisms (25 results), (5) perfluorinated alkyl acids

and marine organisms (32 results), (6) “perfluoroalkyl acids” and “marine organisms” (17
results). Additionally, Google Scholar searches were conducted using keywords (1) “PFAS
bioaccumulation” and “marine organisms” (11 results), (2) “perfluorinated alkyl acids”
and “marine organisms” (65 results). After duplicate removal, a total of 143 manuscripts
were selected for data extraction. Tables S1 and S2 list all the PFAS and organisms
presented in this review, respectively. Table S3 lists the studies from which occurrence and
bioaccumulation data were extracted.

Sampling sites include marine/coastal regions and natural saltwater locations. Details on
locations, dates and tissue types utilized for current comparisons are available upon request.
Studies that report either individual concentrations or arithmetic means were used for data
extraction. Studies that report other statistical metrics such as geometric means, medians,
ranges were not included in our analyses. Except for seawater, sediment and plankton data,
only studies reporting concentrations based on wet weight (ww) were selected. Out of 143
studies used in this review, 20 (19 sediment studies and 1 planktonic study) present data
based on dry weights (dw); these were included in the analysis.

Seawater data were divided into five major oceans of the world (i.e., Arctic, Atlantic,
Pacific, Indian and Southern Oceans). Further, Atlantic and Pacific Ocean data were

divided into northern and southern regions. Thirty-one studies were utilized for seawater
and sediment data extraction and six for plankton. Our database searches revealed more
published studies on PFAS occurrence and bioaccumulation for seawater and sediment
samples from the northern hemisphere. Seawater samples include surface water and deep
chlorophyll maximum samples from coastal and offshore sites. Several studies presented
here report surface sediment data points (i.e., top 10 cm), but despite differences in

sample collection depths across studies, these samples reflect the biologically active zone

in the marine environment. These observations do not include suspended particulate data.
Wherever required, seawater data were converted to pg/L and sediment data were expressed
as ng/g dw. Given the limited number of published studies, zoo- and phytoplankton data
were combined to obtain overall planktonic trends for a more inclusive assessment. Plankton
data were also combined to reflect concentrations based on dry and wet weights as data on
plankton PFAS levels are not always reported consistently. Seawater, sediment, and plankton
data are shown as arithmetic means taken across temporal and spatial scales.

The focus of this review is on wild marine organisms and PFAS concentrations are
presented across several tissue compartments. Studies reporting PFAS levels in supermarket/
seafood-market shellfish and fish were not included. Along with plankton, classes of

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

Page 5

marine organisms included are invertebrates, fish, reptiles, birds and mammals. Eighteen
invertebrate studies including 68 species (taxonomic identification used to the genus level
where species information wasn’t available) were used for data extraction. The invertebrate
data presented here reflect either whole body or soft tissue burdens, unless specified
otherwise.

The fish dataset includes information on 104 species from 21 studies. Data from studies
reporting whole fish and sagittal sections (representing whole fish) were combined to reflect
fish burdens. Fillet and muscle data were also combined for fish muscle dataset.

To be inclusive, blood, plasma, and serum data were merged; these data, expressed as
ng/g and ng/mL, were combined to generate means. Wherever applicable, these combined
data are presented as ng/g ww. Limited information on PFAS levels in marine reptiles is
available and data were extracted from three studies. Mammalian and avian datasets were
the most data-rich and spanned several taxonomic families. Mammalian data include 36
species from 44 studies and avian data include 59 species from 35 manuscripts. Bird egg
data were combined across laying sequence as well as part of the egg (i.e., yolk versus
whole) analyzed.

Wherever possible, data were extracted to obtain individual datapoint measurements from
the main body of the reviewed articles as well as their supplemental information. However,
in order to obtain a more complete analyses, arithmetic means presented in published
literature were also utilized wherever individual datapoint measurements were not available.
PFAS bioaccumulation data are presented as box and whisker plots showing arithmetic
means (x in the boxplot), medians (horizontal line within the box), the 75% quantile (top

of box), 25% quantile (bottom of box), ranges of datapoints for each taxonomic grouping
(the whiskers), and the raw data points including the outliers (the circles). These plots show
either all PFCA or all PFSA values for trend comparisons across taxonomic groups. Further,
sum of PFAS is also presented to identify trends in total PFAS levels across taxa. For further
resolution within taxonomic and chemical classes, we also present means of all datapoints
in column graphs in supplemental figures. Wherever applicable, considerations regarding
arithmetically-averaged datapoints are discussed in reference to independent studies that
report these data.

Non-detects or datapoints below detection limits (<MDL) were removed from the analyses
and not used to calculate means. As analytical methods evolve over time, the detection
limits for PFAS have changed. We present data combined across temporal and spatial scales
that are extracted from manuscripts published over a 20-year period. Therefore, unlike
site-specific studies, there are no valid substitutes for non-detects for this synthesis. It must
be noted that we are only reporting measured concentrations above detection limits and
omission of non-detects does bias our dataset towards higher values. However, the goal of
this review is not to compare sites or populations, but to identify overall trends of reported
PFAS concentrations. For this review, long-chain PFAS are defined as having =8 carbons
(=C8) unless otherwise noted. The data presented here reflect summed concentrations of
branched and linear isomers. Age and sex-based differences have been reported to be unclear
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across species (e.g., as described for fish in Hart, et al.1” and for marine mammals in Bossi,
et al.18), hence data were combined across gender and sex (if available) for completeness.

3. RESULTS AND DISCUSSION

3.1 Seawater, surface sediments and plankton

Seawater—Both short- and long-chain PFAS were detected in seawater across all five
major oceans. PFAS in seawater include PFCAS ranging in chain length from PFBA (C4)

to PFODA (C18), PFSAs ranging from PFBS (C4) to PFDS (C10), and several precursor
and replacement compounds. Figure 1A shows percent contribution of individual PFAS

in seawater. The most diverse PFAS profile was detected in the North Pacific with twenty-
seven different compounds while Southern Ocean data only show two different PFAS types
(Figure 1A). Such differences could be indicative of spatial variabilities characterized by
differences in PFAS sources, distance from the source(s), and PFAS transport. It must

be noted that targeted assessments are limited to a set of selected PFAS and the ‘real

world’ total PFAS burdens and diversity are likely higher in the environment. Emerging
non-targeted analytical approaches are valuable tools (Table 1) in PFAS monitoring aimed at
capturing PFAS diversity across different matrices.1 The sum of all PFAS in the seawater
dataset was the highest in the Indian Ocean (41.1 ng/L) followed by the North Pacific

(12.8 ng/L), the North Atlantic (4.0 ng/L), the South Atlantic (2.6 ng/L), the Arctic (1.1
ng/L), the South Pacific (0.5 ng/L) and the Southern (<0.1 ng/L) Oceans. PFAS profiles
vary among oceans, but overall trends indicate that PFOA and PFOS are found globally

in seawater (Figures 1A and S1, S2). PFCAs with =12 carbons (i.e., PFDoA, PFTrDA,
PFTeDA, PFPeDA, PFHXDA, PFODA) contribute less than 2% to PFCA profiles in every
major ocean (Figure S2A). In the Arctic Ocean, PFBA and PFBS are dominant contributors
to carboxylic and sulfonic acid profiles, respectively (Figure S2). Additionally, FOSA
(24.7%) and PFBA (23.9%) contribute the most to the total PFAS concentrations in the
Arctic Ocean followed by PFPeA (12%), PFHpA (8.6%), and PFOA (6.6%). The North
Atlantic data show PFUNA (55.1%) as the dominant PFAS followed by PFOS (11.5%),
PFOA (10.5%) and PFHXA (6.1%) (Figure 1A). PFOS is the dominant sulfonic acid in

the North Atlantic and the biggest contributor (43.4%) to the PFAS burden in the South
Atlantic Ocean (Figure S2). Among the PFCAs, PFOA contributes the most and was also the
second most dominant PFAS (30.1%) in the South Atlantic. PFOA also dominates the PFAS
profile in the North Pacific (38.8%) followed by PFBA (16.5%), PFPeA (7.6%), and PFHXA
(6.2%). PFAS profiles of the South Pacific, Indian and Southern oceans are dominated by
PFOS with respective contributions of 29.7%, 32.3% and 70%. PFDA (21.8 %) and PFOA
(30%) are the second largest contributors to total PFAS burdens in the South Pacific and
Southern Oceans (Figure 1A). The PFAS profile of the Indian Ocean also includes PFHxS
(16.1%), PFBA (13.9%), PFPeA (10.9%), and PFHXA (8%). Perfluoroalkane sulfonamide-
based PFAS, particularly FOSA, were also detected in seawater (Figure S3). Continental
discharges are proposed to be the main sources of PFAS pollution in the marine environment
and there is evidence for inverse relationships between salinity and PFAS concentrations.20
The differences in PFAS concentrations across various water bodies reflect the relative
inputs of the nearest landmass over time. Based on the seawater data presented in this
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review, Southern Ocean is underrepresented in the existing PFAS literature and requires
further investigations.

Surface Sediments—Sediment profiles also include both short- and long-chain PFAS as
well as precursor and replacement compounds across different geographical regions (Figure
1B). However, unlike seawater, long-chain PFCAs are detected frequently in sediments

and contribute more to overall PFAS burden (Figures 1B and S2A). Studies suggest that
PFOS tends to partition into the sediment phase and PFOA into the water phase.21-23 Such
differences in partitioning are important to consider for criteria development and assessment
of bioavailability. As seen in Figure 1, in comparison to seawater data, the contribution of
PFOS to overall PFAS burden is found to be higher than PFOA in sediments. However, both
PFOA and PFOS are detected in sediments from all the regions presented in this review;
greater contribution of PFOA to total PFAS burden in the northern hemisphere was also
observed. Specifically, PFAS concentrations were the highest in the North Pacific Ocean
(4.61 ng/g) followed by the Southern Ocean (4.56 ng/g), the South Pacific (3.16 ng/g), the
North Atlantic (2.29 ng/g) and the Arctic (1.54 ng/g) Oceans as shown in Figure S1B. PFBA
contributes 17.48%, 7.74% and 38.99% to the PFCA profiles of the sediments from the
Acrctic, North Pacific and Southern Oceans, respectively (Figure S2A). Long-chain PFCAS
such as PFNA, PFDA, PFUNA and PFTrDA are detected in sediments from all regions
presented in this review. Sediment PFSA profiles were dominated by PFOS in all regions.
Further, PFHxS was detected in sediments from all regions as well; PFBS and PFDS were
observed in four out of five reported regions in this review (Figure S2B). Compared to other
precursor and replacement compounds detected in the sediments, 6:2 FTS was reported

at relatively high concentration in the North Atlantic samples (i.e., 1.3 ng/g dry weight,
Figures 1 and S3).24 Upon calculation of arithmetic means for comparisons across regions,
this precursor is found to contribute 56.7% to the total PFAS burden in the sediment from
multiple sites in the North Atlantic. Interestingly, this same study also conducted seawater
analyses and 6:2 FTS was below detection limits. Such findings reveal the need for further
investigations into precursors and replacement PFAS across global oceans in seawater and
sediment phases and the nature of their partitioning between phases.

Plankton—PFOA and PFOS were detected in plankton from all regions presented in

this review (Figure 1C). The total PFAS concentrations in the plankton were the highest

in the South Atlantic Ocean (28.3 ng/g) followed by the South Pacific (19.9 ng/g),

Indian (18.3 ng/g), North Atlantic (13.9 ng/g), North Pacific (7.0 ng/g) and Arctic (5.7
ng/g) Oceans as shown in Figure S1C. Short-chain PFCAs including PFBA, PFPeA and
PFHpA were detected in plankton from the Atlantic, Pacific and Indian Oceans. PFOA

is the dominant PFCA in the plankton (Figure S2A). However, long-chain PFCAs (=C9)
contribute less than 10% of total PFAS burden in plankton (Figure 1C). Casal, et al.2
suggested that PFPeA, PFHpA, and PFOA together account for > 80% of the total PFCAs.
This study also noted that although long-chain PFCAs (i.e., C10-C13) contribute less to
total PFAS burden in plankton, they contribute more to the total PFAS burden in the
northern hemisphere than in the southern. The presence of long-chain PFCAs in plankton
has been attributed to their geographical location and site-specific seawater concentrations
but further investigations are warranted to evaluate trends and relationships between water
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and plankton PFAS concentrations. As noted above, some studies have also suggested
short-chain PFAS are detected more frequently in the water phase and long-chain PFAS
are generally found in sediments.13: 26. 27 However, short-chain PFAS, such as PFBA, have
also been detected in sediment samples from remote locations. Short-chain PFAS have
high volatility and water solubility and their long-range atmospheric deposition has been
suggested as a mechanism for their distribution globally.28 It is likely that plankton reflect
PFAS concentrations in the water column more closely than higher-trophic level organisms
with more complex physiological processes. Most of the plankton reported here are exposed
to surface waters and hence accumulate short-chain PFCAs from their surroundings (rather
than from benthic sediments). Some of the trends reported in region-specific studies may
not be evident in our combined assessments presented in this review due to the use of
arithmetic means across spatial scales. Nevertheless, the trends that are detected in data
combined across spatial and temporal scales emphasize the need for regulation of priority
PFAS and future investigations. For example, prevalence of PFOA in plankton as well as
in seawater,12 13 and its elevated relative contribution to PFAS burdens, as observed in
Figures 1 and S2, are important patterns to consider for evaluating underlying mechanisms
dictating the partitioning of these contaminants between environmental phases. As seen in
Figure 1, the key PFSA in plankton from all regions is PFOS. Precursor and replacement
compounds are also detected in plankton samples (Figure S3). Limited data are available
on plankton PFAS bioaccumulation and further investigations are required to assess overall
trends and relationships as well as comparison of bioaccumulation patterns between phyto-
and zoo-plankton. PFAS bioaccumulation factors measured for oceanic plankton indicate
that short-chain PFAS must not be ignored while assessing bioaccumulation and potential
biomagnification risks.2?

Perfluoroalkane sulfonamide-based PFAS were detected in seawater, sediment as well as
plankton across different regions (Figure S3). Replacement PFAS, such as chlorinated
polyfluoroalkyl ether sulfonic acids (CI-PFESAs) and fluorotelomer sulfonates (FTS),
have also been observed in these samples and are of rising concern due to their

reported toxicity.2? Despite their relatively low concentrations, their increased applications
and persistence warrant further research into their bioaccumulative potential as well as
identification of their degradation or terminal products.

Invertebrates

Limited information on invertebrate PFAS bioaccumulation is available. Most of the
invertebrate data are focused on crustaceans and mollusks; however, some PFAS
bioaccumulation trends were also observed in other invertebrates as well. A wide range

of PFAS concentrations were reported in invertebrates (Figures 2 and 3). For example,
PFOA and PFOS have been reported in cnidarian studies with giant green anemone at 4.6
and 0.1 ng/g ww, respectively (Figure S4). PFBA (0.26 ng/g ww) as well as long-chain
PFAS (PFNA 0.05 ng/g ww, PFDA 0.05 ng/g ww, PFUnA 0.09 ng/g ww, PFDoA 0.02 ng/g
ww) were also detected in giant green anemone at low concentrations (Figure S4). PFAS
levels in cnidarians and most annelid polychaetes were detected at <5 ng/g ww (Figures 2
and 3). However, species-specific differences were detected and studies report high PFOA
concentrations in lugworm and seaworm (82 and 167 ng/g ww, respectively) compared

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

Page 9

to other PFAS (Figure S4B). Long-chain PFCAs have been detected more frequently in
polychaetes, and PFOS was found in all polychaetes presented in this study. Short-chain
PFBS and PFHxS were also detected in polychaetes (Figure S4).

In shrimps and crabs, the majority of PFCA concentrations are below 10 ng/g ww

with median concentrations of 0.20 and 0.18 ng/g, respectively (Figure 2). Crustacean

data, in both shrimps and crabs, (Figure S5), show that PFOA is detected at relatively

high concentrations when compared to other PFCAs. The highest crustacean PFOA
concentrations were detected in Chinese crab (65.2 ng/g ww), Blind pea crab (16.8 ng/g
ww), Pacific mantis shrimp (16.2 ng/g ww), and Gazami crab (11.14 ng/g ww) (Figure S5).
Despite these higher values, the overall PFAS concentrations were found to be similar in
shrimp and crab datasets with long-chain PFCAs observed across several species (Figures 2
and S5). Although the detection frequency of short-chain PFCAs is not as high as long-chain
compounds, PFBA was detected across multiple species of shrimps and crabs. Higher
PFOA levels in some shrimp and crab species may represent region-specific seawater PFAS
concentrations.30 Species-specific differences in crustacean PFAS bioaccumulation reflect
differences in diet and feeding behaviors3! among benthic and pelagic invertebrates.32: 33
Other factors that are likely to affect crustacean PFAS profiles include molt cycles, larval
stages, growth rates, and reproduction.3# PFSA profiles (Figure 3) show higher levels in
shrimps than crabs (median values of 0.95 and 0.48 ng/g ww, respectively). These profiles
were dominated by PFOS; PFBS and PFHXS were also detected in crabs and shrimps
(Figure S5). Most of the crustacean samples show PFAS burdens in soft tissues and muscle
but, as indicated in Figure S5B, PFAS were also detected in roe (e.g., Asian paddle crab)
(Figure S5B). Although roe is not as widely studied as other biological compartments,

it provides insights into developmental and ecological implications. Further, due to the
consumption of crustacean soft tissues and roe by humans, such findings also raise human
health concerns.

Despite broad concentration ranges for PFCAs (mean 9.58 ng/g ww; median 0.20 ng/g ww,
Figure 2) and PFSAs (mean 17.61 ng/g ww; median 0.30 ng/g ww, Figure 3), the highest
PFAS burdens amongst invertebrates are reported in bivalves. Both short- and long-chain
PFCAs were detected in mollusks (Figure S6). Overall trends suggest PFOA is detected in
most mollusks, and PFBA is also found in several species. Bioconcentration factors (BCFs,
contaminant uptake and retention by the organism from the dissolved phase via respiration)
for PFOA are reported to be higher in bivalves than in fish1. In a unique instance, PFOA
levels in the fur clam were detected to be 642 ng/g ww (Figure S6A). This finding could

be reflective of increased PFOA levels in the water column and large filtering capacities

of bivalves. Further, selective uptake of PFAS could be related to differences in receptor
binding and depuration processes as well as benthic feeding. Bivalve PFCA data showed

a wide range of concentrations and species-specific differences where several species of
clams generally presented higher burdens and the brown mussel had PFUNA levels of
109.3 ng/g ww (Figure S6A). In addition to feeding habits, some of these vast differences
in concentrations may also be attributed to species-specific activity of transport proteins
belonging to ATP-binding cassette (ABC) superfamily of efflux transporters.3%: 36 PFBA,
PFHXxA, and PFOA were the main PFCAs found in gastropods (Figure S6B) with the nassa

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

3.3 Fish

Page 10

mud snail containing 12.8 ng/g ww PFOA. Although cephalopods accumulated low levels of
PFCAs, several long-chain PFAS were detected across species (Figures 2 and S6C).

Mollusk PFSA profiles were dominated by PFOS(Figure S7). For example, mean and
median values for PFOS in Mediterranean mussels were 60.03 ng/g ww and 69.39 ng/g
ww, respectively (Figure S7A, n=12). Further, PFBS and PFHxS were also detected in
several species (Figure S7). Although studies have reported high concentrations in some
bivalves,3’- 38 most mollusk species have <5 ng/g ww concentrations of PFSAs (Figure 3).

Precursors and replacement PFAS were also detected in invertebrates. The most commonly
reported precursor compound in invertebrates is FOSA with concentrations reported below
1 ng/g ww (Figure S8). Other PFAS detected in invertebrates are Et-FOSA, Et-FOSAA, L-
FOSAA, L-EtFOSAA, L-CH3FOSAA and 6:2 CI-PFESA. Most invertebrate studies report
<5 ng/g ww of precursor and replacement PFAS across different taxonomic classes (Figure
S8); however, EtFOSA was reported to be relatively high in invertebrates from some regions
of the Arctic.12 Specifically, the blunt gaper, Arctic shrimp, and Greenland cockle had
burdens ranging from 3.0 to 31.5 ng/g ww, concentrations far exceeding other precursor and
replacement PFAS (Figure S8B and S8C).

Invertebrate laboratory studies have shown that PFAS bioaccumulation is concentration-
dependent and compound chain length is positively related to the sensitivity of the
bioaccumulation factor (BAF, contaminant uptake and retention by the organism from all
exposure routes including dietary, water, dermal)3®. Such findings suggest that changes
in the exposure concentrations affect bioaccumulation of long-chain PFAS more than
short-chain PFAS. For example, a 56-day long study with green mussels at 1-10 pg/L
concentration range showed that PFDA and PFOS have high BAFs but PFOA is not as
accumulative3®, However, large variability in field-collected data emphasizes the need for
further investigations into the relationships between exposure concentrations and BAFs.
Further, effects of different exposure routes (e.g., aqueous, sediment contact, diet) on
bioaccumulation must also be evaluated.*0

PFAS levels in fish are often reported in muscle or fillet and are focused on seafood safety
concerns. Several studies also report whole fish and liver PFAS burdens. In addition, along
with the birds and mammals discussed below, information on fish is sufficiently large that
trends in the data become more apparent compared to the organisms discussed previously.

In the current dataset, PFCA concentrations were found below 5 ng/g ww in muscle tissues
of most bony fishes (Osteichthyes) (Figure 4A). In a few cases, such as spot (19 ng/g

ww) and inshore lizardfish (23 ng/g ww), PFNA muscle burdens were found to be above
15 ng/g ww (Figure S9A). Long-chain PFCAs, particularly C8 to C13, were detected

at higher concentrations than short-chain PFCAs in most of the fishes included in this
review. In cartilaginous fishes (Chondrichthyes) such as sharks and rays, concentrations of
PFCAs with <10 carbons were found to be less than 1 ng/g ww (Figure S9B) while this
class of compounds with =11 carbons, particularly PFUnA and PFTrDA, were observed

to be higher in muscles of this type of fishes (e.g., angular rough shark and bigeye
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thresher) when compared to several bony fishes. Due to these higher concentrations, the
mean and median values for cartilaginous fish in the PFCA dataset were slightly higher
than bony fishes (Figure 4A, mean values: bony fish 0.47 ng/g ww, cartilaginous fish
0.95 ng/g ww; and median values: bony fish 0.10 ng/g ww, cartilaginous fish 0.33 ng/g
ww). Many studies suggest dominance of long-chain PFAS with odd number of carbons
in fish.4143 This pattern has been explained partly due to degradation of fluorotelomer
alcohols upon their release into the environment.1”: 41 Atmospheric degradation® as well
as microbial degradation of fluorotelomer alcohols during wastewater treatment#? yield
PFCAs. Following uptake, metabolic transformation of fluorotelomer alcohols can also
result in the production of PFCAs, although its contribution is minor.#6 Further, PFTeDA
was also detected in many cartilaginous fishes but not in most bony fishes (Figure S9).

Mean and median PFSA concentrations in the muscle tissues of bony fishes were 1.14
ng/g ww and 0.33 ng/g, respectively (Figure 4B). The mean and median values of
cartilaginous fishes (1.70 ng/g ww and 0.70 ng/g ww, respectively) are comparable with
bony fishes. However, unlike the cartilaginous fish muscle dataset, several bony fishes PFSA
concentrations are above 1 ng/g ww (Figures 4B). These concentrations above 1 ng/g ww
represent PFOS concentrations (Figures 4B, S10). In both bony and cartilaginous fishes,
PFOS dominated the PFSA profiles (Figure S10). Several species demonstrated elevated
PFOS bioaccumulation in various sampled tissues; for example, muscle of spotted seatrout
(9.25 ng/g ww), spot (9.4 ng/g ww) and darkfin hind (10.78 ng/g ww), liver tissues of right
eye flounder (65 ng/g ww), striped mullet (70 ng/g ww) and bluefin tuna (46.63 ng/g ww),
and whole fish samples of spotted seatrout (39.83 ng/g ww), red drum (42.3 ng/g ww) and
spot (55.9 ng/g ww). In some instances, PFOS levels were found to be exceptionally high,
such as in the liver of dusky flathead (135 ng/g ww). For other PFSAs, PFHXS and PFDS
were also detected in some bony fishes (Figure S9A). Whole fish analyses showed similar
trends of prevalence of PFOS and long-chain PFCAs in bony fishes (Figures S10 and S11,
respectively). For example, the pinfish and sheepshead accumulated high concentrations
of PFDoA (22 ng/g ww and 16 ng/g ww, respectively). PFHxS and PFDS, and relatively
low concentrations of PFBS, were also detected in whole bony fish analyses (Figure S11)
with pigfish and pinfish showing relatively high bioaccumulation of PFHXS. As discussed
under our Methods section, due to compilation of these datasets over broad temporal and
spatial scales, non-detects are excluded from these comparisons resulting in high average
concentrations in some cases. One such example is the pinfish where data reflect relatively
short temporal (2002—2004) and smaller spatial scales (southeastern coast of the United
States). This dataset includes high variability within the measured concentrations as well
as samples below detection limits. Although there are inherent differences in the datasets
presented in this review regarding number of years and regions over which the data are
collected for each taxonomic grouping, the high reported concentrations do raise concerns.
One of our goals is to note that such high concentrations are indeed observed in biota which
suggests that further investigative studies into bioaccumulation potentials and variabilities
must be conducted for certain taxonomic groups and biological compartments.

Liver data confirmed the differences between cartilaginous and bony fishes that was
observed in the muscle comparisons. These differences show that long-chain PFCAs
(particularly PFUnA and PFTrDA) were higher in concentration across several cartilaginous
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fish livers than in bony fishes (Figure S12A). These differences could be attributed to
feeding strategies (bottom versus pelagic feeders), trophic position, and physiological
differences and warrant further investigations. Such trends are also affected by spatial
differences in PFAS occurrence. Similar to the discussion in the invertebrate section of
this review, fish assessments also require comparative studies across species to determine
concentration dependence of PFAS bioaccumulation.

PFOS burdens were found to be higher in liver tissues versus muscle as shown in Figure

5. Such tissue-specific differences are also reflected in other PFAS for bony as well as
cartilaginous fishes (Figures 5, S10 and S12). Further, increased whole body burdens of
some PFAS, including PFOS (Figure 5), in certain fish species could be indicative of
elevated liver PFAS levels and more studies are required to understand such tissue-specific
contributions to whole body burdens of different PFAS. It has been reported that associations
of perfluoroalkyl acids with proteins and phospholipids affect their tissue partitioning and
differentiate them from other lipophilic POPs.#7: 48 Differences in protein levels across
species and tissue compartments as well as specific protein-binding efficiencies could
contribute to differences in uptake and bioaccumulation of PFAS. Additionally, maternal
transfer and gestation differences also impact PFAS assessments across fish species.#! These
patterns of elevated liver PFAS burdens across several fish species (Figures 5, S10 and

S12) are indicative of important tissue-specific differences in bioaccumulation that must be
considered during risk assessments for marine biota. For example, in some species, lower
muscle burdens may not characterize them as a risk to seafood safety and human health but
elevated PFAS levels in the livers of those same species may be indicative of poor overall
fish health and high biomagnification potential through food webs, ultimately leading to
poor ecosystem health.

Although muscle and liver are the most studied tissues for PFAS bioaccumulation in fish, a
few studies also report PFAS in other biological compartments such as gills, heart, kidney
and gonads as shown in Figure S13.49 Several of these compartments also accumulate
PFOS (Figure S13B). The dominance of elevated long-chain PFCAs in these compartments
(Figure S13A) confirm the trends observed in liver, muscle and whole fish. Some temporal
studies also support these trends which increase the concern regarding the persistence

and accumulative potential of long-chain PFAS (Figure S14). One of the perfluoroalkane
sulfonamide-based precursors, FOSA, was also detected in muscle, liver, blood, and whole
fish analyses (Figure S15). Similar to the tissue-specific trends of other PFAS discussed in
this section, FOSA levels were generally higher in liver and whole fish analyses than in
muscle tissues in many fish species. While muscle concentrations were below 1 ng/g ww,
whole fish analyses in the spotted seatrout and Atlantic croaker report FOSA concentrations
> 5.0 ng/g ww. Further, liver concentrations of FOSA in shorthorn sculpin and Atlantic
Herring were 9 and 13.9 ng/g ww, respectively (Figure S15). Other novel replacement
PFAS, such as CI-PFESAS, were also detected in fish muscle (Figure S15A). Despite the
lack of data on fish blood compared to other compartments, it must be noted that fish

can accumulate these contaminants in their blood at relatively high concentrations (Figures
S13B and S15D). For example, PFOS and FOSA levels in bluefin tuna blood were 40

ng/g and 15 ng/mL, respectively. Although the importance of muscle PFAS analyses should
not be ignored, other protein-rich compartments must also be examined. Tissue-specific
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differences in uptake and elimination are key to understanding physiological implications as
well as mechanisms of PFAS bioaccumulation. Yi et al demonstrated in a pharmacokinetic
study with rainbow trout that CI-PFESAs were retained longer in liver and kidneys than
PFOS.%0 However, elimination rates of these compounds were found to be comparable in
blood. To develop a more sophisticated understanding of the bioaccumulation of PFAS by
fish, more information on protein-binding sites and partitioning in different compartments is
required.

3.4 Reptiles

3.5 Birds

PFCAs with =8 carbons were detected in the plasma of loggerhead turtles and Kemp’s
ridley turtles (Figure S16). Turtle plasma data show PFOS as the dominant PFAS and it

is detected at much higher concentrations than other PFSAs. PFBS, PFHXS and FOSA
were also detected in turtle plasma. Temporal data collected between 2000 and 2008

from loggerhead turtles further support the trends of elevated long-chain PFCAs as well

as PFHxS and PFOS in plasma (Figure S$17).51 These trends of PFAS bioaccumulation

are particularly concerning due to the threatened and endangered status of these marine
reptiles. Populations of both species of turtles shown in Figure S16 are at the risk

of extinction.52 Under the United States Endangered Species Act, Kemp’s ridley turtle

is listed as endangered throughout its range. Some distinct population segments of the
loggerhead turtle are considered threatened while others are listed as endangered (NOAA
https://www.fisheries.noaa.gov/species/loggerhead-turtle#overview). The loggerhead turtle
is also a ‘priority species’ under European Union environmental protection directives.53
Adverse impacts of PFAS bioaccumulation on endocrine and reproductive functions are
identified in some studies, which could have fitness implications for these protected
organisms.” Although it has been reported that sex does not significantly influence PFAS
bioaccumulation, age and species-specific differences have been shown.>2 Complicating
these investigations is that only limited data can be collected from such species due to
their conservation status, and it is therefore critical to understand underlying mechanisms
of PFAS bioavailability, bioaccumulation and biotransformation across taxa to identify risks
to vulnerable populations. Further, information on PFAS interactions with conserved protein
targets across taxonomic classes at molecular and biochemical levels of organization is
important for prioritizing PFAS management strategies.

Most of the studies on PFAS occurrence and bioaccumulation in seabirds include eggs,
liver and blood (or plasma) levels. As noted in Figure 6A for avian eggs, mean and
median values for the PFCA dataset were lower than for the PFSA dataset (mean values:
PFCA 3.03 ng/g ww, PFSA 39.01 ng/g ww; median values PFCA 1.65 ng/g ww, PFSA
18.70 ng/g ww). The elevated PFSA burdens reflect higher PFOS concentrations without
which the PFSA mean and median values were only 1.39 and 0.50 ng/g ww, respectively.
Tissue- and species-specific differences were observed in PFOS bioaccumulation. High
PFOS concentrations were identified in the eggs of gulls, cormorants, auks and herons
with some datapoints exceeding 100 ng/g ww for all four types of birds (Figure S18).
Some studies have presented evidence for differences in PFOS egg concentrations based
on laying sequence.54-56 High trophic positions of seabirds make them good candidates
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for biomagnification studies.>” For example, gulls have a wide PFOS concentration range
(8 to 608 ng/g ww) but overall, they present elevated burdens in eggs and tissues (Figure
S18). It must be noted that most gulls are omnivores and opportunistic feeders, and are
known for their high energy requirements and elevated feeding rates. Other members of
family Laridae such as terns, kittiwakes and noddies also show PFOS bioaccumulation in
eggs and tissues; however, more data are required to characterize tissue- and species-specific
differences as well as dietary effects on PFAS burdens. Interestingly, terns appear to have
higher PFOS concentrations in liver tissues compared to eggs (e.g., 98-280 ng/g ww versus
1-2 ng/g ww, respectively) (Figure S18). Elevated PFOS egg burdens were also seen

in birds from the order Suliformes including benthic feeders such as shags, piscivorous
cormorants and gannets as well as in auks and herons but with wide concentration ranges
within taxonomic groups (e.g., 5-433 ng/g ww for Suliformes, 7-400 ng/g ww for auks,
and 20-143 ng/g ww for herons) (Figure S18A). Such observations could be indicative of
metabolic and physiological differences related to PFAS elimination.>® 59 Further, tissue
PFAS burdens could reflect differences in exposure such as duration of exposure and spatial
differences as well as variations in binding affinities to specific proteins and phospholipids
across species. It has also been noted that depuration rates may be dependent on exposure
concentration and linked to age.5® More information on species- and tissue-specificity

will help determine target tissues for bioaccumulation (e.g., proteinaceous, lipoidal) and
toxicological analyses. A tissue-specificity study reporting PFOS burdens in brown pelican
showed highest concentration in bile and spleen followed by lung, kidney, brain, heart

and muscle (0.8 to 66 ng/g ww) (Figure S21).89 Interestingly, these data suggest the

tissues most often sampled (e.g., muscle) may not be the optimal indicator of ‘worst-case’
bioaccumulation and further illustrate the need for tissue-specific characterization of PFAS
burdens. Tissue-specific differences in FOSA levels were also reported (Figure S21).

In order to identify PFAS fate and transfer patterns in birds, it is important to determine
links between egg and liver PFAS burdens. For example, it has been suggested PFOS

can be maternally transferred to the egg at a high transfer rate via yolk proteins that are
synthesized in the maternal liver. Further, transfer rates of PFCAS to eggs increase with the
length of the carbon chain,®! hence enhancing the bioaccumulative potential of long-chain
PFCAs in avian eggs. Studies suggest the first egg reflects maximum pollutant transfer
from females to eggs, particularly for long-chain PFCAs.54-56 Maternal transfer of PFAS to
eggs is concerning as it can adversely affect developmental stages which are known to be
particularly susceptible to contaminant burdens.

Most studies that present PFCA levels in birds include egg data; however, liver and blood
studies have also shown similar bioaccumulation patterns. Overall, studies report that long-
chain PFCAs with odd number of carbons are highly bioaccumulative in seabirds®8: 62 as
seen in Figure S19A. Temporal studies using seabird eggs (Figure S23) also show this
pattern of elevated burdens of long-chain PFCAs over multiple decades.>’ For example, for
the thick-billed murre eggs and fulmar eggs, the PFUnA and PFTrDA temporal patterns
are particularly illustrative (Figure S23). Avian livers show similar trends of higher levels
of long-chain PFCAs (Figures S22 and S24). Further, long-chain PFCAS are observed in
bird liver and blood samples across species (Figures S20A and S22A). Notably, some

gull species have higher egg PFOA (Audouin gull 23.53ng/g ww) and blood PFUnA
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(Glaucous gull 74.4 ng/g ww) concentrations compared to other avian species (Figures
S19A and S20A). Although PFOS is the dominant fluorinated contaminant reported in most
studies, there is evidence for PFCA levels to exceed total PFSAs reflecting dominance

of PFCA burden over total PFOS (livers of northern fulmar and thick-billed murre from

the Canadian Arctic®8). Long-carbon chain PFCAs, PFUnA and PFTrDA, are reported as
comparable to (or exceeding) PFOS levels in muscle samples of the black-footed albatross
from the northern Pacific.%3 Birds of prey, such as white-tailed eagles, that occupy higher
trophic levels show similar trends of long-chain odd numbered carbon PFCAs in their eggs,
reflecting bioaccumulation up across trophic levels, as seen in Figure $25.%4 Data from other
lesser studied compartments, such as feathers, muscle and adipose, (Figure S21) also show
PFUNA and PFTrDA as dominant PFCAs indicating their preferential bioaccumulation and
likely poor elimination. The prevalence of long-chain PFCAs with odd number of carbons is
linked to inputs from deposition of atmospheric precursors and their degradation products.*4
\olatile precursors such as fluorotelomer alcohols and their degradation products consisting
of long-chain PFCAs have been measured in the atmospheric samples from the Canadian
Avrctic.%° The air and water data in this study suggest atmospheric delivery of long-chain
PFCAs to aquatic ecosystems.

Although, significantly lower than PFOS concentrations, other PFSAs were reported in
bird eggs and other tissues. Despite species-specific differences and tissue accumulation
patterns, PFHxS was detected in eggs, blood, and liver of multiple bird species (0.01 to

6 ng/g ww) (Panel B of Figures S19, S20, S22). Temporal studies also reflect persistence
of PFOS at relatively high concentrations in the eggs collected over several years (Figures
S23, $25).57. 64 |n an extreme example, in 2004, eggs of white-tailed sea eagles from

the Baltic Sea approached a very unusually high 1514 ng/g ww. These studies have also
reported bioaccumulation of PFHxS and PFDS across the temporal scale in eggs and liver
tissues in some seabird species (Figures S23-S25). Avian studies report occurrence of FOSA
(Figures S20C, S22C) as well as replacement PFAS (Figure S22 B-C) in some species. In
one study, the common cormorant accumulated 89 ng/g ww of FOSA in liver tissue. In the
laughing gulls, elevated liver concentrations of Nafion BP2 and PFO5DoDA were reported
(112.82 and 16.27 ng/g ww, respectively) (Figure S22B). Sex-specific differences in PFAS
bioaccumulation have been reported in some birds;52 however, in many studies, no such
differences between male and female seabirds have been noted.58: 59, 61

3.6 Mammals

Marine mammals are reported to accumulate PFAS at high concentrations, especially in liver
and blood tissues. Similar to the avian egg dataset, mean and median values were higher

for the PFSA (mean 139.33 ng/g ww, median 14.80 ng/g ww) dataset in comparison to
PFCAs (mean 12.63 ng/g ww, median 3.81 ng/g ww) due to high PFOS contribution in

the mammalian livers (Figure 6B). Excluding PFOS concentrations, the mean and median
for the PFSA dataset were 3.28 ng/g ww and 1.32 ng/g ww, respectively. Elevated PFOS
levels were reported in livers and blood of several marine mammals (Figures S26); highest
average concentrations were observed in polar bear livers (mean 1735.67ng/g ww; median
1568 ng/g ww, n=6). High PFOS levels were also detected in the livers of harbor porpoises
(mean 665.9 ng/g ww; median 461 ng/g ww, n=110). Other PFSAs detected in mammalian
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liver and blood tissues are PFHxS, PFHpS, and PFDS (Figure S27). PFHXS levels in polar
bear adipose tissues (2.2 ng/g ww) were found elevated in comparison to other mammalian
species (Figure S28).

PFCAs are reported at high concentrations in mammalian livers (Figure S27A). Long-chain
PFCAs have been detected in several marine mammals at higher concentrations than short-
chain PFCAs (Figure S27A). Similar to the avian datasets, levels of PFUNA in livers

were observed to be particularly elevated in several mammals. For example, mean PFUnA
concentrations in the livers of Dall’s porpoise and polar bear were 305 and 144.67 ng/g
ww, respectively. Liver PENA levels in polar bear, white-beaked dolphin and sperm whale
were also elevated (264.67, 242.1, 240 ng/g ww, respectively) (Figure S27). Blood PFCA
data show similar trends although had overall lower levels than liver data (Figure S27B).
However, mean concentrations of both PFDA and PFUnA were elevated in the bottlenose
dolphin blood (89.5 and 82.5 ng/g ww, respectively). Studies also showed long-chain PFCAs
at higher concentrations in the adipose tissues of some marine mammal species (Figure
S28).

Sulfonamide-based precursors, such as FOSA, have been detected in livers of several marine
mammals as well as in blood, adipose and muscle tissues (Figure S29, S31). For example,
liver FOSA concentration in the short-beaked common dolphin was 878 ng/g ww (Figure
S29A). The next highest liver levels were observed in the white-beaked dolphin with 122
ng/g ww (Figure S29). Unlike other mammals, cetaceans are unable to biotransform FOSA
to PFOS and such differences are critical to understanding the links between environmental
prevalence of precursors and their potential elevated body burdens.86 Novel PFAS such as
perfluoro-4-ethylcyclohexane sulfonate (PFECHS) and CI-PFESAS have also been detected
in the livers of ringed seals and polar bears but at relatively low levels (0.05 to 3 ng/g

ww) (Figure S29). Polar bears also bioaccumulated FOSA (7.83 ng/g ww), Et-FOSA (1.5
ng/g ww), FBSA (0.4 ng/g ww), and 6:2 CI-PFESA (0.27 ng/g ww) in liver tissues (Figure
S29A).

Although the majority of the PFAS studies in marine mammals present liver data, and
blood and adipose to a lesser extent, a few studies reporting kidney, spleen, milk and
muscle levels of PFCAs and PFSAs are also available (Figures S30 and S31). Together,
these studies suggest trends similar to the ones observed in mammalian livers including
higher concentrations of long-chain PFCAs and PFOS. For example, PFNA, PFDA and
PFUnNA in the harbor seal muscle were 69.82, 59.1, 30.23 ng/g ww, respectively, while
PFOS concentrations in the kidney and spleen of this same species of seal exceeded
378.46 and 307.37 ng/g ww, respectively (Figures S30, S31). Placental and lactational
transfer of PFAS have also been reported in several marine mammals.67-70 It must be
noted that tissue-specific differences observed in PFAS bioaccumulation are important to
consider for understanding physiological effects and, as noted in previous sections, are
likely related to binding to specific sites on proteins, associations with phospholipids and
elimination kinetics. In the muscle tissues of short-beaked common dolphins and long-fined
pilot whales, FOSA was reported at concentrations 142 and 48 ng/g ww, respectively.
Chlorinated PFESAS were also reported in muscle tissues of the finless porpoise (6:2
CI-PFESA 3.84 ng/g ww; 8:2 CI-PFESA 0.056 ng/g ww) (Figure S31). Some sex- and
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age-specific differences in PFAS bioaccumulation have also been reported but more data are
required to better understand such patterns.87. 71. 72

Interestingly, temporal bioaccumulation patterns also showed elevated concentrations of
long-chain PFCAs (Figure S32). For example, liver tissue analyses conducted between
1991 and 2008 in harbor porpoises in the Baltic and North seas showed elevated levels

of PFCAs with >8 carbons.”3 These analyses also confirm bioaccumulation of PFOS and

its precursor, FOSA, at relatively high concentrations in porpoise livers. For example, in
2005, liver PFOS concentrations in the Baltic harbor porpoises were 2425 ng/g ww. Liver
FOSA concentrations in the harbor porpoises from the North Sea exceeded 100 ng/g ww in
several temporal assessments between 1995 and 2006 (Figure S32). Further, this temporal
assessment shows consistent bioaccumulation of PFHxS, PFHpS and PFDS in liver samples
confirming PFAS trends from our dataset that has been averaged across geographical regions
and collection times for several marine mammals.

4. CONCLUSIONS AND RESEARCH NEEDS

We present a synthesis of a vast dataset of PFAS occurrence and bioaccumulation in marine
taxa ranging from plankton to mammals. This review provides opportunities to further
examine trends within and across species and biological compartments as well as across
different temporal scales. We have highlighted similarities and differences in trends of
PFAS occurrence within and across environmental compartments and taxonomic groupings
and presented research needs to address current data deficiencies (Table 1). Data from
several studies across spatial and temporal scales, presented as sum PFCA and sum PFSA,
show overall patterns of PFAS bioaccumulation (Figure 7). With increases in trophic level,
elevated burdens of PFCAs and PFSAs are detected. The range of datapoints for total PFSA
burdens is elevated, especially at higher trophic levels, due to increased contribution of
PFOS. The total PFAS levels, as shown in Figure 8, also demonstrate a trend of elevated
concentrations and wider range of datapoints with increase in trophic level.

Due to the vast number of compounds in this chemical class, it is imperative that

we improve our understanding and predictions of PFAS bioavailability, bioaccumulation,
and toxicity. One way to address this challenge is to identify, group and prioritize

PFAS of concern based on their (i) transport, fate and partitioning into environmental
compartments, (ii) bioavailability and bioaccumulation patterns in aquatic organisms, and
(iii) mechanisms and magnitude of adverse effects. While not the focus of this review,
along with bioaccumulation, the toxic effects of PFAS in marine organisms must be further
investigated.

PFAS transport, fate and partitioning

Temporal, spatial and taxonomic patterns of bioaccumulation discussed in this review show
long-chain carboxylic acids, especially the ones with odd number of carbons, are detected
more often across different organisms.#1: 42: 49, 57. 73 These patterns are significant as
convergence between spatial and temporal trends, such as bioaccumulation of PFUnA and
PFTrDA across species, facilitate identification of priority PFAS of immediate concern

to aquatic life. Transport of PFAS by ocean currents as well as long-range atmospheric
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deposition are also a factor’4 7> and must be investigated further to understand spatial
patterns of bioaccumulation. Specifically, significant inputs of long-chain carboxylic acids
are suggested to be from atmospheric sources via deposition and transformation of volatile
fluorotelomer alcohols.54 76. 77 Another source of PFAS transfer from the ocean to the
atmosphere is sea spray aerosol that can contribute to long-range transport of these
contaminants.’8 79 In the water column, vertical transport is affected by PFAS solubility
wherein shorter-chain PFAS are thought to be transported vertically more efficiently which
could increase their bioavailability to pelagic plankton, as seen in Figure 9. As shown in
Table 1, except for plankton, PFCA profiles of all taxonomic groups are dominated by
long-chain PFCAs (Figure 9). Identification of such bioaccumulation trends emphasizes
the need for further investigations into partitioning and bioaccumulation of PFAS based on
chain-length. Differences in solubility and depth of the water column are also important
factors to consider for monitoring efforts as well as understanding PFAS bioavailability.

Elevated PFAS concentrations in sediments pose a risk to benthic organisms22 and

make them important sources of PFAS within foodwebs . Further assessments of PFAS
partitioning in sediment and water phases, along with bioaccumulation potentials linked to
multiple selective processes at the organismal level are important for understanding patterns
observed across organisms and identifying vulnerable taxa. Crucially, biomagnification
factors as well as trophic transfer are elevated with increasing numbers of fluorinated
carbons in the perfluoroalkyl chains. Consequently, even in areas with low seawater PFAS
concentrations, biomagnification of long-chain PFAS and their widespread bioaccumulation
in aquatic organisms raises concern.16: 77. 80 This review includes occurrence data for
precursors and replacement PFAS across taxonomic groupings. Although there has been an
increase in the availability of such data in recent years, our understanding of prevalence,
fate and preferential bioaccumulation of precursors and novel replacement PFAS remains
limited.81 Future research must consider these data gaps and also identify contributions

of the biotransformation of precursors, such as FOSA, and other PFAS to inflated PFOS
burdens in biota at higher trophic levels as well as the potential biomagnification.12 18. 82
Replacement compounds, such as CI-PFESAS, are of rising concern for their trophic
transfer and biomagnification potential through food webs!® 83 despite their relatively

low concentrations compared to legacy PFAS in some regions.3! With increasing usage

of novel replacement PFAS and improvement in analytical methods for their assessments,
more information about their occurrence and environmental fate is likely to emerge. Recent
temporal studies have shown their tissue-specific prevalence in marine mammals indicating
increased usage.1® Further, future research must also include toxicokinetic assessments of
sulfonic acids other than PFOS, such as PFHXxS, that have been shown to accumulate and
biomagnify.28

Factors affecting bioavailability and bioaccumulation

At the organismal level, exposure is affected by factors such as environmental
concentrations, diet, feeding behavior, trophic level, and migration. For example,

within a localized contaminated environment, PFAS profiles of benthic and pelagic
organisms may reflect differences in bioavailability and environmental partitioning.84 85,
Following exposure, several factors play critical roles in PFAS bioaccumulation resulting
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in differences across species within geographical regions.10: 86 Bioaccumulation is
determined by toxicokinetics which includes absorption, distribution, biotransformation
and elimination.19: 87-89 Adequate understanding of species-specific differences in PFAS
bioaccumulation warrants evaluation of relationships between these processes. In most
environments organisms are likely exposed to a mixture of several different PFAS.
Therefore, it is critical to examine the effects of exposure concentration on toxicokinetics to
adequately understand bioaccumulation patterns.

Most of the studies report PFAS burdens based on wet or dry weight of tissues; however,
normalizing PFAS burdens to total protein levels has been suggested,® analogous to lipid
normalization performed for hydrophobic organohalogens. Protein binding efficiencies of
PFAS affect bioaccumulation patterns in organisms.3° Livers contain specific proteins, such
as albumin and liver fatty-acid binding proteins, that efficiently bind PFAS®V as reflected

by elevated hepatic burdens in several organisms presented in this review. It has been
suggested that sulfonic acids have stronger protein binding affinities than carboxylic acids
with the same chain length.5% For example, the low bioaccumulation potential of PFOA is
contrasted against high PFOS burdens in pelagic fishl” and in green mussels.39 Further,
binding efficiencies to these proteins are reported to increase with their perfluorinated
carbon number and hence, longer-chain PFAS are found to be elevated in liver.59 Long-chain
PFAS are also shown to be more strongly associated with tissue phospholipids.#8 Binding
efficiencies are also affected by the presence of chemical linkages and functional groups. For
example, ether linkages in PFESA are thought to increase bioaccumulation due to enhanced
binding efficiencies.>? Frequently observed bioaccumulation patterns such as lower PFAS
levels in muscles compared to liver or plasma can be indicative of differences in protein
binding efficiencies to specific proteins.11: 8 Without more information on binding sites for
different types of PFAS, normalizing to total protein across tissue compartments and taxa
remains a challenge.

Factors linked to protein levels, such as, age, sex, and maternal transfer, could contribute
to varying bioaccumulation patterns.% 99-92 Tissue-specific patterns in muscle, liver or
blood that characterize compound-specific partitioning are very useful from a biomonitoring
and seafood consumption point of view. However, whole organism burdens are also

critical to identifying trophic transfer and biomagnification potential. As noted in Table 1,
information on tissue-specific partitioning and PFAS-binding targets that are evolutionarily
conserved will further assist in identification of vulnerable taxa. As discussed before, food
web studies suggest short-chain perfluoroalkyl acids are found elevated in lower trophic
level organisms and long-chain perfluoroalkyl acids are prevalent in organisms at higher
trophic levels.82 Increased risks of PFAS bioaccumulation in top predators such as seabirds
and marine mammals could affect top-down ecosystem processes. Another research need
includes advancing our understanding of biomagnification via differences in elimination
kinetics between organisms that respire in water versus on land (Table 1). It has been
suggested that due to high aqueous solubility and low volatility of perfluorinated acids, the
respiratory elimination of these compounds is efficient in aquatic or piscivore food webs;
in contrast, slow elimination of these compounds in marine mammalian food webs allows
them to biomagnify.93 Such assessments are based on protein-water (Kpw) and protein-

air (Kpa) partition coefficients and reflect the need for further advances in protein-based

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al. Page 20

elimination kinetics, application of protein-normalized concentrations, and development of
more sophisticated bioaccumulation models (e.g., AQUAWEB-type models).%

PFAS management

The management, and more specifically, the derivation of ecological criteria protective of
marine organisms for a class of compounds as vast and complex as PFAS is daunting.
This is especially true when considering realistically available resources; consequently,
research efforts in several areas need to be focused on the selection and categorization

of the most hazardous chemicals. Many convergent findings across temporal and spatial
scales, and taxonomic patterns, as discussed throughout this review, can assist in further
streamlining research and management efforts. With existing and emerging information,
PFAS could be grouped into several priority categories for monitoring, remediation,

and toxicity assessments. As summarized in Table 1, key research needs benefitting
bioaccumulation predictions and advancing chemical categorization include 1) PFAS
partitioning in seawater and sediment phases affecting bioavailability, 2) effects of PFAS
concentration on toxicokinetics 3) effects of ecological parameters (e.g., diet, feeding
behavior, migration) on bioavailability, 4) information on protein-binding sites, binding
efficiencies, and partitioning across tissue types, and 5) biotransformation of precursors and
replacement compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS-

The authors would like to acknowledge J. Grundy, M. Hedgespeth and M. Morales-McDevitt for their contributions
toward the review of the manuscript. We would also like to thank T. Langknecht and M. Stuart for their assistance
towards the preparation of reference libraries. This article was completed while B. Khan was a Research Participant
with the Oak Ridge Institute for Science and Education (ORISE) at the US Environmental Protection Agency
(EPA), Office of Research and Development, Center for Environmental Measurement and Modeling, Atlantic
Coastal Environmental Sciences Division. This research was supported in part by an appointment to the US

EPA Research Participation Program administered by the ORISE through an interagency agreement between the
U.S. Department of Energy (DOE) and the US EPA. ORISE is managed by ORAU under DOE contract number
DE-SC0014664.

Data Availability Statement-

All associated data and metadata, in the form of Excel spreadsheets, are available upon
request from the corresponding author.

REFERENCES

1. Evich MG; Davis MJB; McCord JP; Acrey B; Awkerman JA; Knappe DRU; Lindstrom AB; Speth
TF; Tebes-Stevens C; Strynar MJ; Wang Z; Weber EJ; Henderson WM; Washington JW, Per- and
polyfluoroalkyl substances in the environment. Science 2022, 375, (6580).

2. EPA, PFAS Structures in DSSTox (update August 2020). In 2020 ed.; US Environmental Protection
Agency.

3. Kwiatkowski CF; Andrews DQ; Birnbaum LS; Bruton TA; DeWitt JC; Knappe DRU; Maffini
MV; Miller MF; Pelch KE; Reade A; Soehl A; Trier X; Venier M; Wagner CC; Wang Z; Blum

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

Page 21

A, Scientific basis for managing PFAS as a chemical class. Environmental Science & Technology
Letters 2020, 7, (8), 532-543. [PubMed: 34307722]

. Haukés M; Berger U; Hop H; Gulliksen B; Gabrielsen GW, Bioaccumulation of per- and

polyfluorinated alkyl substances (PFAS) in selected species from the Barents Sea food web.
Environmental Pollution 2007, 148, (1), 360-371. [PubMed: 17258363]

. Sunderland EM; Hu XC; Dassuncao C; Tokranov AK; Wagner CC; Allen JG, A review of

the pathways of human exposure to poly- and perfluoroalkyl substances (PFASs) and present
understanding of health effects. Journal of Exposure Science & Environmental Epidemiology 2019,
29, (2), 131-147. [PubMed: 30470793]

. Ahrens L, Polyfluoroalkyl compounds in the aquatic environment: a review of their occurrence and

fate. Journal of Environmental Monitoring 2011, 13, (1), 20-31. [PubMed: 21031178]

. Lee JW; Choi K; Park K; Seong C; Yu SD; Kim P, Adverse effects of perfluoroalkyl acids on

fish and other aquatic organisms: A review. Science of The Total Environment 2020, 707, 135334.
[PubMed: 31874399]

. Zhang B; Wei Z; Gu C; Yao Y; Xue J; Zhu H; Kannan K; Sun H; Zhang T, First Evidence

of Prenatal Exposure to Emerging Poly- and Perfluoroalkyl Substances Associated with E-Waste
Dismantling: Chemical Structure-Based Placental Transfer and Health Risks. Environmental
Science & Technology 2022, 56, (23), 17108-17118. [PubMed: 36399367]

. Wang Z; DeWitt JC; Higgins CP; Cousins IT, A never-ending story of per- and polyfluoroalkyl

substances (PFASs)? Environmental Science & Technology 2017, 51, (5), 2508-2518. [PubMed:
28224793]

10. Ali AM; Langberg HA; Hale SE; Kallenborn R; Hartz WF; Mortensen A-K: Ciesielski TM:

McDonough CA; Jenssen BM; Breedveld GD, The fate of poly- and perfluoroalkyl substances
in a marine food web influenced by land-based sources in the Norwegian Arctic. Environmental
Science: Processes & Impacts 2021, 23, (4), 588-604. [PubMed: 33704290]

11. Quinete N; Wu Q; Zhang T; Yun SH; Moreira I; Kannan K, Specific profiles of perfluorinated

compounds in surface and drinking waters and accumulation in mussels, fish, and dolphins from
southeastern Brazil. Chemosphere 2009, 77, (6), 863-869. [PubMed: 19744696]

12. Tomy GT; Budakowski W; Halldorson T; Helm PA; Stern GA; Friesen K; Pepper K; Tittlemier

SA; Fisk AT, Fluorinated organic compounds in an eastern Arctic marine food web. Environmental
Science & Technology 2004, 38, (24), 6475-6481. [PubMed: 15669302]

13. Pan C-G; Xiao S-K; Yu K-F; Wu Q; Wang Y-H, Legacy and alternative per- and polyfluoroalkyl

substances in a subtropical marine food web from the Beibu Gulf, South China: Fate, trophic
transfer and health risk assessment. Journal of Hazardous Materials 2021, 403, 123618. [PubMed:
32823029]

14. Wang Y; Chang W; Wang L; Zhang Y; Zhang Y; Wang M; Wang Y; Li P, A review of sources,

multimedia distribution and health risks of novel fluorinated alternatives. Ecotoxicology and
Environmental Safety 2019, 182, 109402. [PubMed: 31280095]

15. Zhang B; He Y; Yang G; Chen B; Yao Y; Sun H; Kannan K; Zhang T, Legacy and Emerging Poly-

and Perfluoroalkyl Substances in Finless Porpoises from East China Sea: Temporal Trends and
Tissue-Specific Accumulation. Environmental Science & Technology 2022, 56, (10), 6113-6122.
[PubMed: 33851820]

16. Houde M; Martin JW; Letcher RJ; Solomon KR; Muir DCG, Biological monitoring of

polyfluoroalkyl substances: A review. Environmental Science & Technology 2006, 40, (11), 3463—
3473. [PubMed: 16786681]

17. Hart K; Kannan K; Tao L; Takahashi S; Tanabe S, Skipjack tuna as a bioindicator of contamination

by perfluorinated compounds in the oceans. Science of The Total Environment 2008, 403, (1),
215-221. [PubMed: 18619650]

18. Bossi R; Riget FF; Dietz R, Temporal and spatial trends of perfluorinated compounds in ringed

seal (Phoca hispida) from Greenland. Environmental Science & Technology 2005, 39, (19), 7416-
7422. [PubMed: 16245810]

19. Gonzalez de Vega R; Cameron A; Clases D; Dodgen TM; Doble PA; Bishop DP, “Simultaneous

targeted and non-targeted analysis of per- and polyfluoroalkyl substances in environmental

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 22

samples by liquid chromatography-ion mobility-quadrupole time of flight-mass spectrometry and
mass defect analysis”. J Chromatogr A 2021, 1653, 462423. [PubMed: 34333169]

Zhang X; Lohmann R; Sunderland EM, Poly- and perfluoroalkyl substances in seawater and
plankton from the northwestern Atlantic margin. Environmental Science & Technology 2019, 53,
(21), 12348-12356. [PubMed: 31565932]

Thompson J; Roach A; Eaglesham G; Bartkow ME; Edge K; Mueller JF, Perfluorinated alkyl acids
in water, sediment and wildlife from Sydney Harbour and surroundings. Marine Pollution Bulletin
2011, 62, (12), 2869-2875. [PubMed: 21963084]

Lin Y; Jiang J-J; Rodenburg LA; Cai M; Wu Z; Ke H; Chitsaz M, Perfluoroalkyl substances in
sediments from the Bering Sea to the western Arctic: Source and pathway analysis. Environment
International 2020, 139, 105699. [PubMed: 32305742]

Wang Q; Tsui MMP; Ruan Y; Lin H; Zhao Z; Ku JPH; Sun H; Lam PKS, Occurrence and
distribution of per- and polyfluoroalkyl substances (PFASSs) in the seawater and sediment of the
South China sea coastal region. Chemosphere 2019, 231, 468-477. [PubMed: 31151006]

Aminot Y; Sayfritz SJ; Thomas KV; Godinho L; Botteon E; Ferrari F; Boti V; Albanis T; Kéck-
Schulmeyer M; Diaz-Cruz MS; Farré M; Barcel6 D; Marques A; Readman JW, Environmental
risks associated with contaminants of legacy and emerging concern at European aquaculture areas.
Environmental Pollution 2019, 252, 1301-1310. [PubMed: 31252127]

Casal P; Gonzélez-Gaya B; Zhang Y; Reardon AJF; Martin JW; Jiménez B; Dachs J,
Accumulation of perfluoroalkylated substances in oceanic plankton. Environmental Science &
Technology 2017, 51, (5), 2766—-2775. [PubMed: 28192988]

Wang S; Ma L; Chen C; Li Y; Wu Y; Liu Y; Dou Z; Yamazaki E; Yamashita N; Lin B-L; Wang
X, Occurrence and partitioning behavior of per- and polyfluoroalkyl substances (PFASSs) in water
and sediment from the Jiulong Estuary-Xiamen Bay, China. Chemosphere 2020, 238, 124578.
[PubMed: 31524601]

Lee J-W; Lee H-K; Lim J-E; Moon H-B, Legacy and emerging per- and polyfluoroalkyl
substances (PFASS) in the coastal environment of Korea: Occurrence, spatial distribution, and
bioaccumulation potential. Chemosphere 2020, 251, 126633. [PubMed: 32443228]

Gao K; Miao X; Fu J; Chen Y; Li H; Pan W; Fu J; Zhang Q; Zhang A, Jiang G, Occurrence and
trophic transfer of per- and polyfluoroalkyl substances in an Antarctic ecosystem. Environmental
Pollution 2020, 257, 113383. [PubMed: 31727419]

Buck RC, Toxicology Data for Alternative “Short-Chain” Fluorinated Substances. In Toxicological
Effects of Perfluoroalkyl and Polyfluoroalkyl Substances, DeWitt JC, Ed. Springer International
Publishing: Cham, 2015; pp 451-477.

Wang P; Lu Y; Su H; Su C; Johnson AC; Yu L; Jenkins A, Managing health risks of perfluoroalkyl
acids in aquatic food from a river-estuary-sea environment affected by fluorochemical industry.
Environment International 2020, 138, 105621. [PubMed: 32142913]

Liu Y; Ruan T; Lin Y; Liu A; Yu M; Liu R; Meng M; Wang Y; Liu J; Jiang G, Chlorinated
polyfluoroalky! ether sulfonic acids in marine organisms from Bohai Sea, China: Occurrence,
temporal variations, and trophic transfer behavior. Environmental Science & Technology 2017, 51,
(8), 4407-4414. [PubMed: 28316237]

Munoz G; Mercier L; Duy SV; Liu J; Sauvé S; Houde M, Bioaccumulation and trophic
magnification of emerging and legacy per- and polyfluoroalkyl substances (PFAS) in a St.
Lawrence River food web. Environmental Pollution 2022, 309, 119739. [PubMed: 35817301]
Nakata H; Kannan K; Nasu T; Cho HS; Sinclair E; Takemurai A, Perfluorinated contaminants in
sediments and aquatic organisms collected from shallow water and tidal flat areas of the Ariake
Sea, Japan: environmental fate of perfluorooctane sulfonate in aquatic ecosystems. Environ Sci
Technol 2006, 40, (16), 4916-21. [PubMed: 16955886]

Taylor MD; Bowles KC; Johnson DD; Moltschaniwskyj NA, Depuration of perfluoroalkyl
substances from the edible tissues of wild-caught invertebrate species. Sci Total Environ 2017,
581-582, 258-267.

Gomez C; Vicente J; Echavarri-Erasun B; Porte C; Lacorte S, Occurrence of perfluorinated
compounds in water, sediment and mussels from the Cantabrian Sea (North Spain). Marine
Pollution Bulletin 2011, 62, (5), 948-955. [PubMed: 21421248]

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 23

Guo M; Zheng G; Peng J; Meng D; Wu H; Tan Z; Li F; Zhai Y, Distribution of perfluorinated
alkyl substances in marine shellfish along the Chinese Bohai Sea coast. Journal of Environmental
Science and Health, Part B 2019, 54, (4), 271-280.

Cunha I; Hoff P; Van de Vijver K; Guilhermino L; Esmans E; De Coen W, Baseline study of
perfluorooctane sulfonate occurrence in mussels, Mytilus galloprovincialis, from north-central
Portuguese estuaries. Marine Pollution Bulletin 2005, 50, (10), 1128-1132. [PubMed: 16112141]

Langberg HA; Breedveld GD; Grgnning HM; Kvennés M; Jenssen BM; Hale SE, Bioaccumulation
of fluorotelomer sulfonates and perfluoroalkyl acids in marine organisms living in aqueous film-
forming foam impacted waters. Environmental Science & Technology 2019, 53, (18), 10951—
10960. [PubMed: 31353899]

Liu C; Gin KYH; Chang VWC; Goh BPL; Reinhard M, Novel perspectives on the
bioaccumulation of PFCs — the concentration dependency. Environmental Science & Technology
2011, 45, (22), 9758-9764. [PubMed: 21988464]

Burkhard LP, Evaluation of published bioconcentration factor (BCF) and bioaccumulation

factor (BAF) data for per- and polyfluoroalky! substances across aquatic species. Environmental
Toxicology and Chemistry 2021, 40, (6), 1530-1543. [PubMed: 33605484]

Chynel M; Munschy C; Bely N; Héas-Moisan K; Pollono C; Jaquemet S, Legacy and emerging
organic contaminants in two sympatric shark species from Reunion Island (Southwest Indian
Ocean): Levels, profiles and maternal transfer. Science of The Total Environment 2021, 751,
141807. [PubMed: 33181997]

Pan C-G; Yu K-F; Wang Y-H; Zhang R-J; Huang X-Y; Wei C-S; Wang W-Q; Zeng W-B; Qin Z-J,
Species-specific profiles and risk assessment of perfluoroalkyl substances in coral reef fishes from
the South China Sea. Chemosphere 2018, 191, 450-457. [PubMed: 29054085]

Schultes L; Sandblom O; Broeg K; Bignert A; Benskin JP, Temporal trends (1981-2013) of per-
and polyfluoroalkyl substances and total fluorine in Baltic cod (Gadus morhua). Environmental
Toxicology and Chemistry 2020, 39, (2), 300-309. [PubMed: 31610607]

Ellis DA; Martin JW; De Silva AO; Mabury SA; Hurley MD; Sulbaek Andersen MP; Wallington
TJ, Degradation of fluorotelomer alcohols: A likely atmospheric source of perfluorinated
carboxylic acids. Environmental Science & Technology 2004, 38, (12), 3316-3321. [PubMed:
15260330]

Sinclair E; Kannan K, Mass loading and fate of perfluoroalkyl surfactants in wastewater treatment
plants. Environmental Science & Technology 2006, 40, (5), 1408-1414. [PubMed: 16568749]

Brandsma SH; Smithwick M; Solomon K; Small J; de Boer J; Muir DCG, Dietary exposure of
rainbow trout to 8:2 and 10:2 fluorotelomer alcohols and perfluorooctanesulfonamide: Uptake,
transformation and elimination. Chemosphere 2011, 82, (2), 253-258. [PubMed: 20951402]
Conder JM; Hoke RA; Wolf W. d.; Russell MH; Buck RC, Are PFCAs bioaccumulative? A
critical review and comparison with regulatory criteria and persistent lipophilic compounds.
Environmental Science & Technology 2008, 42, (4), 995-1003. [PubMed: 18351063]
Dassuncao C; Pickard H; Pfohl M; Tokranov AK; Li M; Mikkelsen B; Slitt A; Sunderland EM,
Phospholipid Levels Predict the Tissue Distribution of Poly- and Perfluoroalkyl Substances in a
Marine Mammal. Environmental Science & Technology Letters 2019, 6, (3), 119-125. [PubMed:
33283018]

Zafeiraki E; Gebbink WA van Leeuwen SPJ; Dassenakis E; Megalofonou P, Occurrence and
tissue distribution of perfluoroalkyl substances (PFASS) in sharks and rays from the eastern
Mediterranean Sea. Environmental Pollution 2019, 252, 379-387. [PubMed: 31158666]

Yi S; Zhu L; Mabury SA, First report on in vivo pharmacokinetics and biotransformation

of chlorinated polyfluoroalkyl ether sulfonates in rainbow trout. Environmental Science &
Technology 2020, 54, (1), 345-354. [PubMed: 31774655]

O’Connell SG; Arendt M; Segars A; Kimmel T; Braun-McNeill J; Avens L; Schroeder B; Ngai
L; Kucklick JR; Keller JM, Temporal and spatial tTrends of perfluorinated compounds in juvenile
loggerhead sea turtles (Caretta caretta) along the East Coast of the United States. Environmental
Science & Technology 2010, 44, (13), 5202-5209. [PubMed: 20521819]

Keller JM; Kannan K; Taniyasu S; Yamashita N; Day RD; Arendt MD; Segars AL; Kucklick
JR, Perfluorinated compounds in the plasma of loggerhead and Kemp’s ridley sea turtles from

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 24

the southeastern coast of the United States. Environmental Science & Technology 2005, 39, (23),
9101-9108. [PubMed: 16382930]

Fortuna CM; Cafiadas A; Holcer D; Brecciaroli B; Donovan GP; Lazar B; Mo G; Tunesi L;
Mackelworth PC, The coherence of the European Union Marine Natura 2000 network for wide-
ranging charismatic species: A Mediterranean case study. Frontiers in Marine Science 2018, 5.

Vicente J; Sanpera C; Garcia-Tarrason M; Pérez A; Lacorte S, Perfluoroalkyl and polyfluoroalkyl
substances in entire clutches of Audouin’s gulls from the ebro delta. Chemosphere 2015, 119,
S$62-S68. [PubMed: 24815900]

Bertolero A; Vicente J; Meyer J; Lacorte S, Accumulation and maternal transfer of perfluorooctane
sulphonic acid in yellow-legged (Larus michahellis) and Audouin’s gull (Larus audouinii) from
the Ebro Delta Natural Park. Environmental Research 2015, 137, 208-214. [PubMed: 25575371]

Parolini M; Cappelli F; De Felice B; Possenti CD; Rubolini D; Valsecchi S; Polesello S, Within-
and among-clutch variation of yolk perfluoroalkyl acids in a seabird from the northern Adriatic
Sea. Environmental Toxicology and Chemistry 2021, 40, (3), 744-753. [PubMed: 32833265]
Braune BM; Letcher RJ, Perfluorinated sulfonate and carboxylate compounds in eggs of seabirds
breeding in the Canadian Arctic: Temporal trends (1975-2011) and interspecies comparison.
Environmental Science & Technology 2013, 47, (1), 616-624. [PubMed: 23215357]

Butt CM; Mabury SA; Muir DCG; Braune BM, Prevalence of long-chained perfluorinated
arboxylates in seabirds from the Canadian Arctic between 1975 and 2004. Environmental Science
& Technology 2007, 41, (10), 3521-3528. [PubMed: 17547173]

Verreault J; Houde M; Gabrielsen GW; Berger U; Haukas M; Letcher RJ; Muir DCG,
Perfluorinated alkyl substances in plasma, liver, brain, and eggs of glaucous gulls (Larus
hyperboreus) from the Norwegian Arctic. Environmental Science & Technology 2005, 39, (19),
7439-7445. [PubMed: 16245813]

Olivero-Verbel J; Tao L; Johnson-Restrepo B; Guette-Fernandez J; Baldiris-Avila R; O’Byrne-
Hoyos I; Kannan K, Perfluorooctanesulfonate and related fluorochemicals in biological samples
from the north coast of Colombia. Environmental Pollution 2006, 142, (2), 367-372. [PubMed:
16303219]

Holmstrom KE; Berger U, Tissue distribution of perfluorinated surfactants in common guillemot
(Uria aalge) from the Baltic Sea. Environmental Science & Technology 2008, 42, (16), 5879-
5884. [PubMed: 18767639]

Ask AV; Jenssen BM; Tartu S; Angelier F; Chastel O; Gabrielsen GW, Per- and polyfluoroalkyl
substances are positively associated with thyroid hormones in an Arctic seabird. Environmental
Toxicology and Chemistry 2021, 40, (3), 820-831.

Chu S; Wang J; Leong G; Woodward LA; Letcher RJ; Li QX, Perfluoroalkyl sulfonates and
carboxylic acids in liver, muscle and adipose tissues of black-footed albatross (Phoebastria
nigripes) from Midway Island, North Pacific Ocean. Chemosphere 2015, 138, 60-66. [PubMed:
26037817]

Faxneld S; Berger U; Helander B; Danielsson S; Miller A; Nyberg E; Persson J-O; Bignert A,
Temporal trends and geographical differences of perfluoroalkyl acids in Baltic Sea herring and
white-tailed sea eagle eggs in Sweden. Environmental Science & Technology 2016, 50, (23),
13070-13079. [PubMed: 27775331]

Stock NL; Furdui VI; Muir DCG; Mabury SA, Perfluoroalkyl contaminants in the Canadian
Arctic: Evidence of atmospheric transport and local contamination. Environmental Science &
Technology 2007, 41, (10), 3529-3536. [PubMed: 17547174]

Dassuncao C; Hu XC; Zhang X; Bossi R; Dam M; Mikkelsen B; Sunderland EM, Temporal

shifts in poly- and perfluoroalkyl substances (PFASs) in North Atlantic pilot whales indicate large
contribution of atmospheric precursors. Environmental Science & Technology 2017, 51, (8), 4512—
4521. [PubMed: 28350446]

Dorneles PR; Lailson-Brito J; Azevedo AF; Meyer J; Vidal LG; Fragoso AB; Torres JP; Malm O;
Blust R; Das K, High accumulation of perfluorooctane sulfonate (PFOS) in marine tucuxi dolphins
(Sotalia guianensis) from the Brazilian coast. Environmental Science & Technology 2008, 42,

(14), 5368-5373. [PubMed: 18754395]

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 25

Galatius A; Dietz R; Rigét FF; Sonne C; Kinze CC; Lockyer C; Bossi R, Temporal and life history
related trends of perfluorochemicals in harbor porpoises from the Danish North Sea. Marine
Pollution Bulletin 2011, 62, (7), 1476-1483. [PubMed: 21600617]

Gregnnestad R; Villanger GD; Polder A; Kovacs KM; Lydersen C; Jenssen BM; Borga K, Maternal
transfer of perfluoroalkyl substances in hooded seals. Environmental Toxicology and Chemistry
2017, 36, (3), 763-770. [PubMed: 27771942]

Kannan K; Perrotta E; Thomas NJ, Association between perfluorinated compounds and
pathological conditions in southern sea otters. Environmental Science & Technology 2006, 40,
(16), 4943-4948. [PubMed: 16955890]

Fair PA; Houde M; Hulsey TC; Bossart GD; Adams J; Balthis L; Muir DCG, Assessment

of perfluorinated compounds (PFCs) in plasma of bottlenose dolphins from two southeast US
estuarine areas: Relationship with age, sex and geographic locations. Marine Pollution Bulletin
2012, 64, (1), 66-74. [PubMed: 22118898]

Tartu S; Bourgeon S; Aars J; Andersen M; Lone K; Jenssen BM; Polder A; Thiemann GW; Torget
V; Welker JM; Routti H, Diet and metabolic state are the main factors determining concentrations
of perfluoroalkyl substances in female polar bears from Svalbard. Environmental Pollution 2017,
229, 146-158. [PubMed: 28587979]

Huber S; Ahrens L; Bardsen B-J; Siebert U; Bustnes JO; Vikingsson GA; Ebinghaus R; Herzke
D, Temporal trends and spatial differences of perfluoroalkylated substances in livers of harbor
porpoise (Phocoena phocoena) populations from Northern Europe, 1991-2008. Science of The
Total Environment 2012, 419, 216-224. [PubMed: 22285090]

Cai M; Zhao Z; Yin Z; Ahrens L; Huang P; Cai M; Yang H; He J; Sturm R; Ebinghaus R; Xie
Z, Occurrence of perfluoroalkyl compounds in surface waters from the North Pacific to the Arctic
Ocean. Environmental Science & Technology 2012, 46, (2), 661-668. [PubMed: 22128794]
Zhao Z; Xie Z; Méller A; Sturm R; Tang J; Zhang G; Ebinghaus R, Distribution and long-
range transport of polyfluoroalkyl substances in the Arctic, Atlantic Ocean and Antarctic coast.
Environmental Pollution 2012, 170, 71-77. [PubMed: 22771353]

Routti H; Gabrielsen GW; Herzke D; Kovacs KM; Lydersen C, Spatial and temporal trends in
perfluoroalkyl substances (PFASS) in ringed seals (Pusa hispida) from Svalbard. Environmental
Pollution 2016, 214, 230-238. [PubMed: 27089420]

Butt CM; Mabury SA; Kwan M; Wang X; Muir DCG, Spatial trends of perfluoroalkyl compounds
in ringed seals (Phoca hispida) from the Canadian Arctic. Environmental Toxicology and
Chemistry 2008, 27, (3), 542-553. [PubMed: 17988182]

Sha B; Johansson JH; Tunved P; Bohlin-Nizzetto P; Cousins IT; Salter ME, Sea Spray Aerosol
(SSA) as a Source of Perfluoroalkyl Acids (PFAAS) to the Atmosphere: Field Evidence from
Long-Term Air Monitoring. Environmental Science & Technology 2022, 56, (1), 228-238.
[PubMed: 34907779]

Casas G; Martinez-Varela A; Roscales JL; Vila-Costa M; Dachs J; Jiménez B, Enrichment of
perfluoroalkyl substances in the sea-surface microlayer and sea-spray aerosols in the Southern
Ocean. Environmental Pollution 2020, 267, 115512. [PubMed: 32892018]

Hung MD; Jung HJ; Jeong HH; Lam NH; Cho HS, Perfluoroalkyl substances (PFASS) in special
management sea areas of Korea: Distribution and bioconcentration in edible fish species. Marine
Pollution Bulletin 2020, 156, 111236. [PubMed: 32510380]

Houde M; De Silva AO; Muir DCG; Letcher RJ, Monitoring of perfluorinated compounds in
aquatic biota: An updated review. Environmental Science & Technology 2011, 45, (19), 7962—
7973. [PubMed: 21542574]

Du D; Lu Y; Zhou Y; Li Q; Zhang M; Han G; Cui H; Jeppesen E, Bioaccumulation, trophic
transfer and biomagnification of perfluoroalkyl acids (PFAAS) in the marine food web of the South
China Sea. Journal of Hazardous Materials 2021, 405, 124681. [PubMed: 33307411]

Chen H; Han J; Cheng J; Sun R; Wang X; Han G; Yang W; He X, Distribution, bioaccumulation
and trophic transfer of chlorinated polyfluoroalkyl ether sulfonic acids in the marine food web of
Bohai, China. Environmental Pollution 2018, 241, 504-510. [PubMed: 29883951]

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

Page 26

Ren J; Point A; Fakouri Baygi S; Fernando S; Hopke PK; Holsen TM; Lantry B; Weidel B;
Crimmins BS, Bioaccumulation of perfluoroalkyl substances in a Lake Ontario food web. Journal
of Great Lakes Research 2022, 48, (2), 315-325.

Ren J; Point AD; Baygi SF; Fernando S; Hopke PK; Holsen TM; Crimmins BS, Bioaccumulation
of polyfluoroalkyl substances in the Lake Huron aquatic food web. Science of The Total
Environment 2022, 819, 152974. [PubMed: 35007599]

Galatius A; Bossi R; Sonne C; Rigét FF; Kinze CC; Lockyer C; Teilmann J; Dietz R, PFAS
profiles in three North Sea top predators: metabolic differences among species? Environ Sci Pollut
Res Int 2013, 20, (11), 8013-20. [PubMed: 23532533]

Kumar E; Koponen J; Rantakokko P; Airaksinen R; Ruokojérvi P; Kiviranta H; Vuorinen PJ;
Myllyla T; Keindnen M; Raitaniemi J; Mannio J; Junttila \V; Nieminen J; Venéldinen E-R; Jestoi
M, Distribution of perfluoroalkyl acids in fish species from the Baltic Sea and freshwaters in
Finland. Chemosphere 2022, 291, 132688. [PubMed: 34718016]

Taylor MD; Gillanders BM; Nilsson S; Braunig J; Barnes TC; Mueller JF, Migration histories and
perfluoroalkyl acid (PFAA) loads in an estuarine fish: A novel union of analyses to understand
variation in contaminant concentrations. Environmental Pollution 2021, 276, 116686. [PubMed:
33611198]

Teunen L; Bervoets L; Belpaire C; De Jonge M; Groffen T, PFAS accumulation in indigenous

and translocated aquatic organisms from Belgium, with translation to human and ecological health
risk. Environmental Sciences Europe 2021, 33, (1), 39.

Miller A; Elliott JE; Wilson LK; Elliott KH; Drouillard KG; Verreault J; Lee S; Idrissi A, Influence
of overwinter distribution on exposure to persistent organic pollutants (POPs) in seabirds, ancient
murrelets (Synthliboramphus antiquus), breeding on the Pacific coast of Canada. Environmental
Pollution 2020, 259, 113842. [PubMed: 31926389]

Taylor MD; Braunig J; Mueller JF; Crompton M; Dunstan RH; Nilsson S, Metabolomic profiles
associated with exposure to per- and polyfluoroalkyl substances (PFASS) in aquatic environments.
Environmental Science: Processes & Impacts 2019, 21, (11), 1980-1990. [PubMed: 31553340]
Gebbink WA; Bossi R; Rigét FF; Rosing-Asvid A; Sonne C; Dietz R, Observation of emerging
per- and polyfluoroalkyl substances (PFASS) in Greenland marine mammals. Chemosphere 2016,
144, 2384-2391. [PubMed: 26610298]

Kelly BC; Ikonomou MG; Blair JD; Surridge B; Hoover D; Grace R; Gobas FAPC, Perfluoroalkyl
contaminants in an Arctic marine food web: Trophic magnification and wildlife exposure.
Environmental Science & Technology 2009, 43, (11), 4037-4043. [PubMed: 19569327]

Arnot JA; Gobas FAPC, A food web bioaccumulation model for organic chemicals in aquatic
ecosystems. Environmental Toxicology and Chemistry 2004, 23, (10), 2343-2355. [PubMed:
15511097]

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al. Page 27

>
®
%

% PFAS in Plankton

% PFAS in Seawater
% PFAS in Sediment

M pFBA [ PFHpA M PFDA [0 PFTrDA | @ prBs [ PFos | B FOosA  [E EtFOSA B EtFOSAA [ 6:2FTS
[] PFPeA [ PFOA [l PFUnA [J PFTeDA PFHxS [ PFDs | B MeFOSE [ FosaA 6:2 CI-PFESA [@ 8:2FTS [ PFECHS

B PFHxA [l PFNA [ PFDoA [l PFHxDA PFHpS B EtFOSE [ MeFOSAA [ 8:2 CI-PFESA [ 8:2 diPAP [f] SAmPAP diester
B PFODA
Figure 1.

PFAS % composition in seawater (A), sediment (B), and plankton (C) from five major
oceans of the world. The legend is divided into three boxes (left to right) including, PFCAs,
PFSAs, and precursors and replacement PFAS.
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Figure 2.

PFCA concentrations in invertebrates. The red markers indicate changes in y-axis. Plots
include PFAS concentrations ranging from PFBA (C4) to PFPA (C15).

ACS ES T Water. Author manuscript; available in PMC 2024 April 19.




1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Khan et al. Page 29
1.0 2.5 30 4.5 80 8 0.6 3.5
78
0.9 25 ° 4.0 ° °
S UE— : 76 3.0 o
12 0.5 :
0.8 20 T 35 74 o
B - 72 . [J] Cnidarians
0.7 10 % Polych
E 3.0 70 0.4 [ Polychaetes
0.6 1.5 68 [] Shrimps
L0 8 s 2.5 ° 2.0
&b ° oS 66 ° [ Crabs
=05 64 ° 0.3 [ Bivalves
:nt 6 2.0 ° 1.5 [0 Gastropods
= 04 1.0 — 62 ° Cephalopod
e 1% T — 3 [0 Cephalopods
0.3 4 ° - x 8 X L
g 15 ’
X 1.0 - o
0.2 0.5 : 2
0 5 10 0.1 e 0.5 °
0.1 o 0.5 5 © ﬂ
Lo ) : S i
0.0 0.0 0 0.0 0o =% 0.0 0.0
Figure 3.

PFSA concentrations in invertebrates. The red markers indicate changes in y-axis. Plots
include PFAS concentrations ranging from PFBS (C4) to PFDS (C10).
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Figure 4.
PFCA (A) and PFSA (B) concentrations in the muscle tissues of bony and cartilaginous

fishes. Plots include PFAS concentrations ranging from PFBA (C4) to PFTeDA (C14) and
PFBS (C4) to PFDS (C10) for (A) and (B), respectively.
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Figure 5.

Fish PFOS (C8) concentrations in whole fish, liver and muscle tissues.
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Figure 6.
PFCA and PFSA concentrations in avian eggs (A) and mammalian liver tissues (B). The red

marker indicates change in y-axis. Plots include PFAS concentrations ranging from PFBA
(C4) to PFPA (C15) and PFBS (C4) to PFDS (C10) for (A) and (B).
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Figure 7.
Sum PFCA (A) and sum PFSA (B) in invertebrates and liver tissues of fishes, birds and

mammals.
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Figure 8.

Total PFAS burdens in invertebrates and liver tissues of fishes, birds and mammals. Each
circle represents the sum of all PFAS compounds reported for each sample. Data are shown
as concentrations on a logarithmic scale and sorted in ascending order.
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Figure 9.
Stacked column plots showing % composition of short- and long-chain compounds towards

total PFCA burdens in plankton, invertebrates, fish livers, avian eggs and mammalian livers.
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Summary of notable trends in PFAS occurrence and bioaccumulation in the marine environment and research
needs based on a review of peer-reviewed studies published between 2000 to 2020. The research needs listed
below are applicable across compartments and must be considered in trophic studies as well.

Marine
Compartment

Overall Notable Trends

Research Needs

Seawater

Wide range of PFAS detected

Region-specific differences detected in PFAS
profiles

PFOS and PFOA measured for and detected
most frequently

Application of non-targeted analyses to
understand the diversity and distribution
of legacy and novel PFAS in the oceans

Sediments

PFOS abundance exceeds PFOA
Long-chain PFCAs detected frequently

Evaluation of processes (e.g., partitioning,
transformation and degradation) affecting
PFAS distribution and bioavailability

Plankton

Short-chain PFCAs higher than long-chain

PFOS and PFOA detected in plankton from
every region

Understanding relationships between
water column and plankton PFAS
concentrations

Invertebrates

Broad concentration ranges of many PFAS

Diet and feeding behavior based differences

Evaluation of factors affecting species-
specific differences

Fish

Liver concentrations higher than muscle

PFOS dominates PFSA profiles; long-chain
PFCAs dominate PFCA profiles

Differences between bony and cartilaginous
fishes

Assessment of tissue-specificity of
bioaccumulation and its ecological and
human health implications

Reptiles

Limited bioaccumulation data available

PFOS and long-chain PFCAs detected

More bioaccumulation data needed to
understand risks to endangered species

Birds

Elevated bioaccumulation in eggs

PFOS, PFUNA and PFTrDA dominant

Evaluation of binding efficiencies to
proteins and phospholipids

Mammals

Elevated bioaccumulation in liver

PFOS and long-chain PFCAs dominant

Comparison of elimination kinetics in
organisms respiring on land (such as
mammals) versus in water (fishes)
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