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wide restrictions on their production and use. Apex predators occupy the top trophic positions in
ecosystems and are most affected by the biomagnification behavior of PFASs. Meanwhile, the long
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lifespans of apex predators also lead to the high body burden of PFASs. The high body burden of PFASs
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might be linked to adverse health effects and even pose a potential threat to their reproduction. As
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seen in previous reviews of PFASs, knowledge is lacking between the current stage of the PFAS body
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burden and related effects in apex predators. This review summarized PFAS occurrence in global
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apex predators, including information on the geographic distribution, levels, profiles, and tissue
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distribution, and discussed the trophic transfer and ecotoxicity of PFASs. In the case where legacy

Ecological risk

PFASs were restricted under international convention, the occurrence of novel PFASs, such as 6:2
chlorinated polyfluorinated ether sulfonate (6:2 Cl-PFESA) and perfluoroethylcyclohexane sulfonate
(PFECHS), in apex predators arose as an emerging issue. Future studies should develop an effective
analytical method and focus on the toxicity and trophic transfer behavior of novel PFASs.
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Introduction
Poly- and perfluoroalkyl substances (PFASs) are chemicals
with the formula of F(CF2 )x R. According to the different substituents at the end of the fluorinated carbon chain, PFASs can
be divided into groups such as perfluoroalkyl sulfonates (PFSAs; R=SO3 − ), perfluoroalkyl carboxylates (PFCAs; R=C(O)O− ),
perfluoroalkane sulfonyl fluoride (POSF; R=SO2 NR’R”), and fluorotelomer alcohols (FTOHs; R= (CH2 )n OH). The high bond
energy of the C-F bond results in the lower surface activity and higher chemical and thermal stability of perfluoroalkyl (Cn F2n+1 − ) than aliphatic hydrocarbon (Cn H2n+1 ) (Nakayama et al., 2019). PFASs have been widely used
in various industries and products since the 1950s, such
as carpets, furniture, paper, coating products, and firefighting products (Li et al., 2018c). In 1998–2015, the emissions of PFOS were estimated as 1228–4930 tonnes, and
PFOS precursors as 1230–8738 tonnes and approximately
670 tonnes for x-perfluorooctanesulfonamides/sulfonamido
ethanols (xFOSA/Es) and POSF, respectively (Wang et al., 2017).
And the emissions of C4-C14 PFCAs were estimated as 2610–
21,400 tonnes during 1951–2015 (Wang et al., 2014). As the
dominant main contaminants of PFASs, PFSAs and PFCAs
are fully dissociated anions in environmental media, leading to their wide distribution in aquatic environment. As for
PFOS, approximately 95% were directly discharged into the
aquatic environment and rarely into the atmosphere (<5%)
(Ahrens and Bundschuh, 2014). The accumulative emission
of FTOHs was approximately 1500 tons from 1974 to 2005
(Butt et al., 2010), and FTOHs have been detected in the atmosphere and airborne particles in the Antarctic and Arctic, the Tibetan Plateau, the Alps and so on, indicating that
PFASs can be transported over long distances through the atmosphere and ocean currents (Shoeib et al., 2006; Stock et al.,
2007; Wang et al., 2018; Xu et al., 2017). POSF and FTOHs
may eventually turn into PFCAs or PFSAs through degradation and metabolism, and the high volatility of these precursors partly resulted in the wide distribution of PFASs around
the globe (Ruan et al., 2010). Giesy and Kannan first identified PFOS in wild animals around the world in 2001, representing the beginning of the research on the environmental
behavior of PFASs (Giesy and Kannan, 2001). PFASs have been
discovered in surface water, groundwater, oceans, sediments,
soil, the atmosphere, wildlife, and humans in recent decades
(Barber et al., 2007; Del Vento et al., 2012; Gao et al., 2020, 2019;
Sammut et al., 2019; Skutlarek et al., 2006; Taniyasu et al.,
2003), and have become one of the most abundant persistent organic pollutants (POPs) in human serum (Dallaire et al.,
2009; Karrman et al., 2006).
PFASs may cause functional disorders of cell survival and
proliferation, which further lead to reproductive toxicity, immunotoxicity, neurotoxicity, etc. (Lau et al., 2007; Sunderland
et al., 2019). With in-depth studies, the health-based guidance values of PFASs has been significantly reduced in recent
years. The European Food Safety Authority reduced the tolerable weekly intake limits for exposure to PFOS and perfluorooctanoic acid (PFOA) from 1050 ng/kg bw/w (nanograms
per kilogram of body weight per week) to 13 ng/kg bw/w for

PFOS and from 10,500 ng/kg bw/w to 6 ng/kg bw/w for PFOA
(Lim, 2019). Meanwhile, the US Department of Health and Human Services also lowered the threshold of PFASs in drinking
water, and the minimal risk levels for PFOS and PFOA were 7
and 11 ng/L (Lim, 2019), indicating that there is currently no
margin of safety for PFASs.
PFASs can accumulate along the food chain in ecosystems.
Conder et al. (2008) summarized a number of studies and concluded that ionic PFASs with carbon chain lengths greater
than 7 could experience bioaccumulation/biomagnification.
Medium- and long-chain PFASs, especially PFOS, polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), dichlorodiphenyltrichloroethane (DDTs), hexachlorocyclohexane (HCHs) and some other POPs, have similar biomagnification behaviors (Haukas et al., 2007; Kelly et al.,
2009; Tomy et al., 2009). However, the biomagnification
behavior of PFASs varies greatly among different ecosystems. Kelly et al. (2009) found that PFASs biomagnified
in the “macroalgae-bivalves-fish-seabirds/marine mammals”
food web in the Arctic but not in the aquatic food chain
(macroalgae-bivalves-fish). Similarly, Wu et al. (2010) also observed that PFASs had greater biomagnification ability in
mammals and reptiles than invertebrates and fish. Apex
predators are carnivores at the top of the food web or the
highest trophic level, with characteristics of large sizes, slow
growth rates, long lifespans, and low reproduction rates. The
maximum lifespan of cetaceans can reach 80 years, and PFASs
could accumulate in their body for a very long time. Meanwhile, PFASs can transfer from mother to cubs, who have vulnerable endocrine systems, which may pose great risks to
the reproduction of apex predator populations (Gebbink et al.,
2016; Gui et al., 2019; Levin et al., 2016). There is no doubt
that apex predators are extremely important to the balance
of the ecosystem; thus, the bioaccumulation/biomagnification
and ecological risk of PFASs might result in significant effects
among apex predators and should arouse great concern. Many
apex predators have been listed on the Red List of Endangered
Species by the International Union for Conservation of Nature (IUCN). Therefore, a comprehensive review of the occurrence, profiles, and ecotoxicity of PFASs and their alternatives
in global apex predators is urgently needed. Insights into the
ecological risks posed by PFASs to apex predators would shed
light on the importance of the further conservation for endangered species.

1.
Concentrations, profiles, and tissue
distribution of PFASs in apex predators
To better facilitate the discussion, apex predators were divided into marine apex predators (MAP, including pinnipeds,
cetaceans), terrestrial apex predators feeding on marine life
(TAPFML) and terrestrial apex predators (TAP).

1.1.

Concentrations

PFOS and PFCAs of C9-C12 were the most frequently reported,
with high detection rates in apex predators. Therefore, we
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Fig. 1 – Concentrations (ng/g ww) of (a) PFOS, (b) PFNA, (c) PFDA, (d) PFUnDA, (e) PFDoDA in the liver of apex predators. The
orange dots in the left of the figure are scatter plots. The right of the figures are violin plots with the kernel smoothing
curves. The red dots represent the mean value, the hollow rhombuses are quartiles, and the red lines running through them
represent mean±SD.

further summarized the occurrence of these PFASs in apex
predators of various ecosystems from recent literature (Fig. 1).
PFOS was widely found in apex predators of various ecosystems, especially TAPFML and cetaceans, which also tended to
have high concentrations of PFASs (PFOS and C9-C12 PFCAs),

and it was under the detection limit in only the grey seal of
Iceland and albatross on Midway Island of the North Pacific
Ocean in nearly 100 studies. PFOS levels in liver of TAPFML
(range: <MDL-3270 ng/g ww, mean: 978.30 ng/g ww) were
significantly higher than those in Pinnipeds (range: <MDL-

222

journal of environmental sciences 109 (2021) 219–236

1503.30 ng/g ww, mean: 220 ng/g ww), cetaceans (range: 0.30–
1212.94 ng/g ww, mean: 168.10 ng/g ww) and TAP (range: 1.41–
985 ng/g ww, mean: 199.88 ng/g ww) (Fig. 1). Even the lowest
hepatic level of PFOS in polar bears (350 ng/g ww) (Giesy and
Kannan, 2001; Kannan et al., 2001) was higher than the average levels of PFOS in Pinnipeds, Cetaceans and TAP. Perfluorodecanoic acid (PFDA), Perfluorononanoic acid (PFNA),
perfluoroundecanoic acid (PFUnDA) and perfluorododecanoic
acid (PFDoDA) exhibited similar tendencies to PFOS. In addition, the levels of PFDA (range: 0.04–71.10 ng/g ww, mean:
13.75 ng/g ww), PFDoDA (range: <MDL-51 ng/g ww, mean:
8.95 ng/g ww), and PFUnDA (range: <MDL-305 ng/g ww, mean:
40.39 ng/g ww) in cetaceans were second to only those of
TAPFML (mean of PFDA: 66.18 ng/g ww, PFDoDA: 9.83 ng/g ww,
PFUnDA: 89.20 ng/g ww).

1.2.

Profiles

PFOS is the dominant PFAS in apex predators, with an average proportion of approximately 60%, and the proportion of
PFOS in many cases (>25%) is above 80%. Meanwhile, longchain PFCAs (C9-C14) are major PFASs in apex predators as
well (Fig. 2a). PFCAs in apex predators showed specific distribution characteristics with different chain lengths: the proportion of PFCAs with odd chain lengths was higher than that
of adjacent even-chain-length congeners (Fig. 2a). PFOA and
PFOS were most widely investigated and yielded the greatest
among all PFASs (Land et al., 2018), but the proportion of PFOA
(C8) in 70% of apex predators was less than 2% (Fig. 2). Through
data summary, we found that PFUnDA accounted for 11.15% of
PFASs on average, which was the most abundant PFCA in apex
predators, followed by PFNA (8.05%). No direct and large production of PFUnDA was reported recently, which might originate from the industrial byproduct of PFNA and/or the degradation of 10:2 fluorotelomer alcohol (10:2 FTOHs) (Hart et al.,
2008). The high concentrations of PFUnDA in apex predators
indicated its strong bioaccumulation/biomagnification capacity and suggested that more research on the occurrence and
potential health effects of PFUnDA in ecosystems is urgently
needed.
The proportions of PFOS in MAP (58.11%) and TAPFML
(63.23%) were much higher than the proportion of PFOS in TAP
(41.70%). PFUnDA (12.97%), PFNA (10.77%) and PFNA (20.34%)
were the most abundant PFCAs in MAP, TAPFML and TAP,
respectively. PFUnDA (TAPFML: 7.50%; TAP: 15.29%) was second to PFNA (TAPFML: 10.77%; TAP: 20.34%) in TAPFML and
TAP. Long-chain PFCAs (C13/C14) did not show significant proportions due to the low environmental concentrations and
bioavailability (Fig. 2). Similarly, C13 did not show a higher
level than the adjacent even-chain-length PFCAs (Fig. 2) in
TAPFML.

1.3.

Tissue distribution

The profiles of PFASs varied in different tissues, which might
be affected by the physical and chemical properties of PFASs.
PFASs were usually enriched in the liver and blood of apex
predators due to their binding capacity to protein, such as
liver-type fatty acid binding protein (L-FABP) and serum albumins (SAs). And the PFOS levels were often significantly higher

in the liver and blood than in other tissues, such as in ringed
seals (Phoca hispida) (liver>fat) (Boisvert et al., 2019), Dall’s porpoise (Phocoenoides dalli), harbor porpoise (Phocoena phocoena)
(liver>blood>fat) (Fujii et al., 2018), Indo-Pacific humpback
dolphin (Sousa chinensis) (liver>kidney) (Gui et al., 2019), beluga
(Delphinapterus leucas) (liver>blood>muscle>fat) (Kelly et al.,
2009), wolf (Canis lupus L) (liver>muscle) (Mueller et al., 2011),
albatross (Phoebastria nigripes: liver>muscle>fat, Phoebastria
immutabilis: blood>liver) (Chu et al., 2015; Tao et al., 2006), bald
eagle (Haliaeetus leucocephalus: liver≈kidney) (Kannan et al.,
2005a),
Alcedae
(liver≈kidney>fat)
(Holmstrom
and
Berger, 2008), arctic fox (Vulpes lagopus: liver>blood and
kidney>muscle and fat) (Aas et al., 2014)), and polar
bear (Ursus maritimus) (liver>brain tissue>muscle≈fat,
liver>blood>brain>muscle≈fat) (Boisvert et al., 2019;
Greaves et al., 2012). Ahrens et al. (2009b) reported the
distribution of harbor seal (Phoca vituline) at Bight Bay of
Germany, and discovered the tissue distribution of PFASs as
following: liver (1071 ng/g ww)> lung (462 ng/g ww)> blood
(381 ng/g ww)> other tissues. Overall, blood was estimated
to be the major reservoir based on the body burden of PFASs
(Ahrens et al., 2009b).
Many studies have reported that the profiles of PFASs in
the liver and blood are similar. PFOS in the liver and blood of
apex predators accounted for 57.47% and 65.64%, PFUnDA accounted for 11.00% and 10.10%, and PFNA accounted for 8.34%
and 6.69%, respectively (Fig. 2). PFOS accounted for 38.56%
and 32.51% in fat and muscle tissues, respectively, which
were much lower than those in the liver and blood. Longchain PFCAs (C12-C14) accounted for 29.32% and 16.07% in
fat and muscle tissues, respectively, which were much higher
than those in the liver (8.75%) and blood (8.08%) (Fig. 2e– h).
Boisvert et al. (2019) investigated the tissue distribution of
PFCAs in polar bears and ringed seals and found that compared with the relatively short-chain PFCAs (C9-C11) in the
liver (85%−90%), the long-chain PFCAs (C11-C14) dominated
the fat (60%−80%). Fujii et al. (2018) compared the profiles of
PFASs in the liver and fat and found that the (Cliver /Cblubber )
value of PFOS was highest among all PFASs, reaching 122,
while the value for long-chain PFASs, such as PFUnDA, was
only 44, and perfluorotetradecanoic acid (PFTeDA) was as low
as 7.80, which also implied that long-chain perfluorotridecanoate acid (PFTriDA) and PFTeDA were enriched in fat.
Greaves et al. (2012) found that the profiles of PFCAs in the
muscle and fat of polar bears were similar; PFUnDA and
PFTriDA accounted for 27% and 22%, respectively, in the liver
and 26% and 26% in fat. The lipid contents of muscle and fat
were 1.61% and 63.80%, respectively, which were quite different. Given all these facts, the profiles of PFCAs in different tissues might also relate to the binding ability of proteins to PFCAs with different chain lengths (Greaves et al., 2012).
High concentrations of PFASs were found in the kidneys of
seals (Van de Vijver et al., 2005). Previous studies found that
the levels of PFOS in the kidney were higher than those in
the liver (Van de Vijver et al., 2005), comparable to those in
the liver (Holmstrom and Berger, 2008; Kannan et al., 2005a)
or second to only those in the liver (Aas et al., 2014). The PFAS
profiles in the kidney were similar to those in the liver due to
the presence of liver-type fatty acid binding protein (L-FABP) (a
binding protein of PFASs) in both tissues. However, the propor-
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Fig. 2 – PFASs profiles of (a) All apex predators, (b) MAP, (c) TAPFML, (d) TAP, (e) Liver samples, (f) Blood samples, (g) Muscle
samples, (h) Blubber samples, (i) Kidney samples, and (j) Brain samples. The light gray dots in the left of the figure are
scatter plots. The right of the figures are violin plots with the kernel smoothing curves. The red dots represent the mean
value, and the hollow rhombuses are quartiles. The red lines running through the red dots and hollow rhombuses represent
mean±SD, and the red dashed lines connect the mean values of PFASs. PFASs profiles in the kidney and brain are
represented as scatter plots due to lack of data.
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Fig. 2 – Continued

tion of PFUnDA was significantly different (kidney: 4.94%, liver:
11.21%) (Fig. 2e, i). The ratios of PFAS concentrations between
the liver and kidney (Ckidney /Cliver ) in Indo-Pacific humpback
dolphins in the Pearl River Estuary of China presented an inverted U-shaped trend with the growth of the C chain (C5C11 showed an upward trend, while C11-C16 showed a downward trend) (Gui et al., 2019). The (Ckidney /Cliver ) values of
most PFCAs were between 0.43 (PFUnDA) and 0.97 (perfluoropentanoic acid; PFPeA), while long-chain perflyohexadecanoic acid (PFHxDA) and perfluorooctadecanoic acid (PFODA)
were greater than 1, indicating that long-chain PFCAs tend
to accumulate in the kidney (Gui et al., 2019). As a tissue for
metabolism and elimination, high concentrations of PFASs in
the kidney need further attention.
Feathers are unique samples from birds, and our previous
study detected PFASs in feathers of eagles from the Tibetan
Plateau (Li et al., 2018b). Many studies have taken advantage
of PFASs in feathers to indicate the level of PFASs in the whole
body of birds. Meyer et al. (2009) compared the PFAS levels between feathers and the liver of birds and found that the PFOS
levels in liver tissues of gray heron, Eurasian sparrowhawk

and herring gull were higher than those in feathers, but the
rule was the opposite for Eurasian magpie and Eurasian collared dove. In almost 100% of Eurasian collared dove samples, the ratio of the PFOS level in the liver to level in feather
(Cliver /Cfeather ) was less than 1. The PFOS level in the liver
was positively correlated with that in feathers (Meyer et al.,
2009), which provided a simple and noninvasive method for
the investigation of PFASs in birds, especially for endangered
species.

2.
Factors influencing PFAS occurrence and
distribution in apex predators
2.1.

Species and trophic position

The PFAS profiles among the apex predators are intensively
described in the above section. Considering that PFOS was the
most abundant PFAS, we employed PFOS to analyze the difference in PFAS levels among apex predators in different ecosystems. No significant difference between the level of PFOS in
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MAP (liver: 0.30–1503.30 ng/g ww, mean: 196.96 ng/g ww) and
that in TAP (liver: 1.41–985 ng/g ww, mean: 199.88 ng/g ww)
was found. The marine environment was the major sink of
PFASs (Ahrens and Bundschuh, 2014; Benskin et al., 2012;
Johansson et al., 2019), marine apex predators were usually with higher trophic levels than terrestrial apex predators (Tucker and Rogers, 2014). MAP were often considered
to have high concentrations of PFASs. Among MAP, the PFOS
levels in Delphinidae were significantly higher than those in
other cetaceans, such as belugas, narwhals, sperm whales and
minke whales which usually inhabit the deep ocean; thus, the
environmental exposure is lower than that of Pinnipeds and
Delphinidae, which mainly live near the shore. Minke whales
uptake oceanic plankton by filter feeding; thus, they occupy
a low trophic level, which further resulted in low PFAS levels. It can be concluded that PFASs in MAP were significantly
influenced by their living environment and dietary structure.
Moreover, the level of PFOS pollution in apex predators was
related to their metabolic capability for perfluorooctane sulfonate precursors (PreFOS). Some cetaceans lack the enzyme
to metabolize PreFOS to PFOS (Letcher et al., 2014), which
might be another reason for the low body burden of PFOS. In
vitro experiments showed that N-ethyl perfluorooctane sulfonamide (N-EtFOSA) was depleted by more than 95% for rat
and polar bear microsomes and 65% on average for ringed
seals, but no significant N-EtFOSA depletion (p>0.05) was observed for beluga microsomes (Letcher et al., 2014). The ratios
of FOSA/PFOS in killer whales were significantly higher than
those in ringed seals and polar bears (p<0.002) (Gebbink et al.,
2016). FOSA (PreFOS) accounted for approximately 40% of
PFASs in MAP, such as belugas, narwhals, fin whales, longfinned pilot whales, minke whales and bottlenose dolphins
(Kannan et al., 2002; Kelly et al., 2009; Reiner et al., 2011;
Tomy et al., 2004), which was comparable to or even higher
than PFOS. However, most studies have focused on only PFCAs and PFSAs at present, and the occurrence of PreFOS in
cetaceans is usually overlooked. The consideration of only
PFOS levels in apex predators may lead to an underestimation
of the actual PFAS body burden in cetaceans.
Compared with Pinnipeds (liver: 11.50–138.29 ng/g ww),
cetaceans (liver: <MDL-230.30 ng/g ww) and arctic foxes (liver:
80–250 ng/g ww) living in the Arctic, the PFOS levels in polar bears were the highest (liver: 350–3270 ng/g ww) (Table 1).
The trophic levels of Pinnipeds, cetaceans, and arctic fox were
usually lower than those of the polar bear. Moreover, the PFOS
level of polar bears (liver: 350–3270 ng/g ww) was significantly
higher than that of wolf (liver: 1.40–1.70 ng/g ww) (p<0.001)
(Mueller et al., 2011) (Table 1). The wolf is the apex predator in
the complete terrestrial ecosystem, and its food is mainly herbivorous animals such as reindeer (Mueller et al., 2011), which
has a shorter food chain than MAP and TAPFML. Among the
apex predators in the world, polar bears are the most polluted
species by PFOS (p<0.001). The results indicated that trophic
level and food chain length played important roles in PFAS levels in apex predators.

2.2.

Geographical distribution and food source

Local sources and regional PFAS differences could influence
the PFAS body burden in apex predators. Here, we summarized
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the geographical distribution of PFASs in apex predators. The
production of PFASs and the related products has been transferred from Japan, western Europe and the United States to
developing Asian countries (such as China and India) due to
global or regional restrictions (Wang et al., 2014).
Extremely high concentrations of PFOS were found in TAP
from South Korea, and the highest PFOS level (for individuals)
was found in the collared scops owl (liver: 11,300 ng/g ww),
which was similar to the level in blue tits (liver: 11,359 ng/g
ww) near the primary European production site of PFOS
(Barghi et al., 2018). The authors proposed that the bird samples in South Korea may be affected by the specific point
source pollution of PFASs (Barghi et al., 2018). It was also suggested that birds may be exposed to direct and intensive point
source pollution during their migration.
In 2011, China was the only recorded country still producing PFOS in the world, and its accumulative production
of PFOS and the related chemical was estimated at 1800 t
(Lim et al., 2011; Xie et al., 2013). China’s coastal areas are
densely populated and have intensive industries. It was reported that PFOS emissions from the Pearl River Delta, Bohai
Sea coastal areas and Yangtze River Delta accounted for 74%
of the total national emissions (Wang et al., 2016, 2015). The
levels of PFOS in the liver of Indo-Pacific humpback dolphins
in the Pearl River Estuary reached 1180 ng/g ww, which was
rank only second to that in harbor propoise (1212.94 ng/g ww)
from Baltic sea among Cetaceans (Gui et al., 2019; Huber et al.,
2012).
The PFOS levels of Pinnipeds (range of liver: 9.30–
1503.30 ng/g ww, mean of liver:413.55 ng/g ww) and Delphinidae (range of liver: 6.50–1212.94 ng/g ww, mean of liver:
244.85 ng/g ww) in industrial areas were significantly higher
than those in remote areas (range of Pinnipeds liver: <MDL138.29 ng/g ww, mean of Pinnipeds liver: 50.98 ng/g ww)
(range of Delphinidae liver: 0.30–230.30 ng/g ww, mean of Delphinidae liver: 58.81 ng/g ww) (Fig. 3). The PFOS levels of Phoca
bothica Gmelln (ringed seals distributed around the Baltic Sea)
(liver: 460–483.40 ng/g ww (Routti et al., 2016; Spaan et al., 2020)
were significantly higher than those of Phoca hispida Schreber
(ringed seals distributed in the Arctic) (range of liver: 11.50–
138.29 ng/g ww, mean of liver: 64.64 ng/g ww) (Boisvert et al.,
2019; Bossi et al., 2005; Lau et al., 2007; Martin et al., 2004;
Riget et al., 2013). Meanwhile, the apex predators in the Arctic had higher PFOS concentrations than the apex predators in
the Antarctic. Among Pinnipeds, the levels of PFOS in elephant
seals (liver: 9.30 ng/g ww) in Antarctica were almost the lowest levels in all global apex predators and lower than those in
Arctic ringed seals (range of liver: 11.50–138.29 ng/g ww, mean
of liver: 64.64 ng/g ww) (Boisvert et al., 2019; Bossi et al., 2005;
Gebbink et al., 2016; Riget et al., 2013; Spaan et al., 2020) and
hooded seals (liver: 38–59 ng/g ww) (Rotander et al., 2012). The
Antarctic continent is geographically isolated from other continents and has no permanent human settlement except for
a few scientific research stations. Part of the Arctic region is
surrounded by many developed countries (Canada, the United
States, Russia, etc.) and is influenced by relatively intensive
human activities. The concentrations of PFASs in the Atlantic
Ocean (260 pg/L) and Greenland Sea (140 pg/L) around the Arctic were significantly higher than those in the Southern Ocean
(30 pg/L) (Zhao et al., 2012). Blevin et al. (2020) found that
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Fig. 3 – The geographical distribution of PFOSs (ng/g ww) reported in the liver of (a) Pinnipeds, (b) Cetaceans, (c) TAPFML, and
(d) TAP. For the research that gave only the median, the median value replaced the mean value in the data treatment.
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Fig. 3 – Continued
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Table 1 – Ranges and average concentrations of PFOS in the liver (ng/g ww) and blood (ng/mL) of apex predators.a

Species

Tissue

MAP

Pinnipeds

Liver
Blood

Cetacea

Liver
Blood

TAPFML

Polar bear

Liver
Blood

Arctic fox

Birds feeding
on marine life

Liver
Blood
Liver
Blood

TAP

Wolf

Liver

Tiger and lion

Blood

Terrestrial birds

Liver
Blood

a

PFOA
Upper: range
Lower: mean

PFNA

PFDA

PFUnDA

PFDoDA

PFOS

<MDL-10.60
1.36
0.14–7.83
2
<MDL-22.80
2
0.02–72
17.63
<MDL-55.30
20.73
2.10–7.06
4.56
<MDL-3.08
2.89
2.70
<MDL-2.45
1.29
0.15–1.10
0.61
0.10–0.23
0.17
0.05–4.09
1.21
0.06–2.18
0.80
0.35–0.83
0.52

0.50–124.80
14.81
1.61–18
6.30
<MDL-63.50
9.99
0.85–326
44.43
58–497
267.81
4.10–38.10
23.81
14–22
16.67
7.60
<MDL-3.42
2.92
0.54–8.13
4.27
4.68–7.38
6.03
0.30–1.02
0.49
0.32–44.40
6.64
0.69–3.70
1.57

1.60–48.60
8.40
0.72–9.66
4.35
<MDL-71.10
13.76
1.34–212
59.34
6.20–184
84.20
1.20–14.10
7.75
3.53–14
7.23
1.64
<MDL-2.97
5.01
0.40–12.60
9.67
1.98–3.15
2.57
0.07–0.38
0.18
0.56–18.40
3.63
0.34–15
2.76

1–45.40
12.13
2.10–11.90
6.73
<MDL-305
40.80
4.78–192
48.42
8.60–276
113.34
4.20–43.60
21.27
5.20–13
7.80
2.60
<MDL-13.96
9.64
2.75–17.50
8.66
2.47–6.40
4.44
NA
(0.12)
0.86–40.50
9.16
0.85–7.90
2.80

0.30–5.30
2.03
0.35–6.69
2.29
<MDL-51
8.60
0.77–13
4.51
1.44–41.50
12.21
0.60–10.32
3.31
0.72–1.50
1
0.36
<MDL-3.15
2.85
1.70–7.03
5.02
0.42–0.72
0.57
NA

<MDL-1503.30
220
1.06–1044
203.68
0.3–1212.94
179.51
1.20–1620
614.20
350–3270
1556.27
34–472.80
213.24
80–250
154
20
1.515–475
146.07
3.21–800
205.85
1.41–1.69
1.55
0.95–2.69
1.56
12–985
219.72
1–335
53.30

0.59–21
6.09
0.02–5.30
1.28

Detail data are listed in Appendix A.

the PFAS levels of eastern (near Russia) polar bears (plasma:
PFSA: 372.10 ng/g ww, PFCA: 129.60 ng/g ww) were higher
than those of western bears (plasma: PFSA: 200 ng/g ww,
PFCA: 71.60 ng/g ww), and they further found that the PFAS
concentrations in Greenland seals, the main prey of polar
bears, near the white sea in Russia (plasma: PFSA: 43.3 ng/g
ww, PFCA: 22.20 ng/g ww) were generally higher than those
in Greenland seals in Greenland (plasma: PFSA: 25.20 ng/g
ww, PFCA: 20.60 ng/g ww). The geographical distribution of
PFASs in polar bears was consistent with the PFAS distribution
in their prey, Greenland seal, which indicated that the food
source was an important factor influencing the levels and patterns of PFASs in polar bears.

3.

Ecological risk of PFASs in apex predators

3.1.

Bioaccumulation/Magnification mechanism

The perfluoroalkyl chain length and functional groups (carboxylic acid, sulfonic acid, etc.) of PFASs affect their physicochemical properties and further affect the retention and elimination of PFASs in biota. There are two hypotheses about the
retention mechanisms of PFASs in biota: (1) PFASs are partitioned to membrane phospholipids, considering that membrane phospholipids have a higher affinity for charged species
than neutral storage lipids; (2) PFASs are bound with proteins

(serum albumin (SA), fatty acid binding protein (FABP), organic
anion transporters (OATs)), which might affect the specific distribution, bioaccumulation and elimination of PFASs (Ng and
Hungerbuehler, 2014). It has been reported that the octanolwater partition coefficients (KOW ) of PFASs increases with the
perfluorinated chain length, and PFSAs generally have higher
KOW than PFCAs with the same chain length. This conclusion
is consistent with the phenomenon that PFSAs have stronger
bioaccumulation than PFCAs with the same chain length; for
example, the concentrations and proportions of PFOS (mean
concentrations in liver: 426.63 ng/g ww, proportion in liver:
57.63%) in apex predators are significantly higher than those
of PFOA (mean concentrations in liver: 5.98 ng/g ww, proportion in liver: 0.91%). Kelly et al. (2009) concluded that chemicals
with KOW above 105 , or KOW between 102 and 106 and octanolair partition coefficients (KOA ) above 106 had bioaccumulation capacity. PFOA, PFNA and PFOS are chemicals with low
KOW and high KOA (KOW <105 , KOA >106 ), which could be eliminated from the livers of aquatic animals through their gills
but hardly eliminated in the livers of lung-breathing animals
(Kelly, 2007). Most apex predators are mammals and birds
that utilize lung breathing, tending to enrich greater amounts
and species of PFASs. Long-chain PFCAs (C10-C13) are chemicals with high KOW and high KOA (KOW >105 –109 , KOA >106 ),
which may have bioaccumulation and biomagnification capacity throughout the food web. Boisvert et al. (2019) reported the biological magnification factors (BMFs) of PFAS con-

journal of environmental sciences 109 (2021) 219–236

geners between ringed seals and polar bears (Cliver of polar
bear/Cliver of seals) were all greater than 1, and the BMF of
PFOS reached 30. The BMF of PFCAs except perfluorohexanoic
acid (PFHxA) ranged from 300 in PFTriDA to 5400 in PFNA
when they corrected the BMFs on a lipid basis (Boisvert et al.,
2019). Moreover, PFASs were reported to have a high affinity for proteins. The LogKPW (protein-water partition coefficients) of legacy PFASs ranged from 102 to 106 (Kelly et al.,
2009). Kelly et al. (2009) corrected the TMFs (trophic magnification factors) of PFASs by protein content and found that
the TMFs of PFCAs in the marine mammalian food web first
increased with increasing KPW (102 –104 ) and then decreased
with increasing KPW (> 104 ), showing an inverted U shape. In
the Arctic marine food chain web, the TMF of PFOS (LogKPW
=3.0) is the highest, reaching 11.00, the TMFs of PFCAs (C9C11) with LogKPW range of 3–5 are between 4.23 and 4.81, while
the TMFs of perfluoroheptanoic acid (PFHpA) (LogKPW = 2.0),
PFOA (LogKPW = 2.5) and PFTriDA (LogKPW = 5.6) are 0.76, 1.93
and 1.43, respectively (Kelly et al., 2009). Thus, it is confirmed
that the trophic transfer of PFASs is affected by their binding
affinity with proteins.
The physicochemical property parameters of PFASs, such
as KOW and KPW , are limited for the comprehension of bioaccumulation in different tissues, while protein binding (PB)
models can compensate for this limitation. The high levels of
PFASs in the liver and blood may be related to their binding
with proteins. The L-FABP is distributed in the liver and kidney
and has a high affinity for PFASs. Among PFASs, PFSAs show
higher affinity for L-FABP than PFCAs, which is consistent with
the fact that the levels and proportions of PFOS are always
higher than those of PFOA in the liver (Luebker et al., 2002). In
addition, the affinity of PFCAs to L-FABP increased with the increase in the C chain length, reached a peak at C11 (PFUnDA)
and then decreasing (Zhang et al., 2013). The low affinity of
long-chain PFCAs may be attributed to their rigid construction. These findings provide theoretical support for experimental studies, which concluded that PFUnDA was the most
abundant PFCA in the liver of apex predators, accounting for
11.21% (Fig. 2e). Blood is rich in SA, which is also one of the target binding proteins of PFASs. The binding activity of SA with
PFASs peaks at chain length C9-C11 (Gao et al., 2019), which
is consistent with the profiles of PFCAs in the blood of apex
predators. C9-C11 is the main PFCA, accounting for 21.58%
(Fig. 2f). The elimination of PFASs also affected their bioaccumulation and biomagnification ability in vivo. The OATs in
the kidney play an important role in reabsorption and elimination of PFASs from urine. Some studies observed high levels of PFASs in the kidneys of apex predators, such as harbor
seal, that were second to or even higher than those in liver
(Aas et al., 2014; Holmstrom and Berger, 2008; Kannan et al.,
2005a; Van de Vijver et al., 2005). Among OATs, the reabsorption efficiency of PFASs by renal transporters (responsible for
reabsorption) reached its peak at C9, while the urine excretion
of PFASs by the renal excretory protein (responsible for transferring anions into urine) was the highest at C7-C8 (Ng and
Hungerbuehler, 2014). This fact suggested that the long-chain
PFCAs have a low elimination rate and tend to be retained in
the body, which is consistent with the phenomenon of a high
concentration of long-chain PFCAs (C9-C11) found in the body.
The binding of PFASs with proteins (such as L-FABP, SAs and
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OATs) may be a reason for the specific tissue distribution and
bioaccumulation of PFASs in different tissues of apex predators.

3.2.

Potential adverse effects

A study on harbor porpoise samples in the United States found
that an increase in PCB blubber concentration of 1 mg/kg
lw resulted in a 5% increase in infectious disease mortality
(Williams et al., 2020). High accumulation of PCBs in killer
whales was found to have a negative impact on reproductive
and immune functions, potentially leading to population collapse in the next 100 years (Desforges et al., 2018; Jepson and
Law, 2016) PCBs are a type of legacy POPs that was restricted
in the 1970s. Low concentrations of PFASs in the environment may cause ecological risks to apex predators due to
their bioaccumulation and/or biomagnification. The control
of PFASs started in the 2000s, later than that of PCBs, and
many studies have shown that the loads of PFASs in apex
predators have approached or even exceeded the loads of PCBs
(Bentzen et al., 2008; Kannan et al., 2005b; Nakata et al., 2006).
To date, there have been very limited animal experiments
and toxicity data on PFASs in apex predators. Model animals,
such as rats, monkeys and poultry, are usually taken as references for mammals and birds during species extrapolation
processes. Lam et al. (2016) calculated the tentative critical
concentrations (TCCs) of PFOS (TCC=775 ng/g ww) in IndoPacific humpback dolphins by species extrapolation based on
rats and monkeys. The available data indicated that 8% of Pinnipeds and 10% of Cetacea exceeded the TCC (775 ng/g ww)
(Fig. 1). Similarly, Dietz et al. (2018) calculated the critical body
residues (CBRs) of PFOS for reproduction (CBR=4678 ng/g ww),
immune suppression (CBR=9356 ng/g ww) and carcinogenicity (CBR=955 ng/g ww) in the liver of polar bears based on
physiologically based pharmacokinetic (PBPK) modeling. The
risk quotients (RQs= ConcentrationsSample PFASs /CBRs) of the
PFOS carcinogenic effects in polar bear livers from Greenland
in 1983–2013 ranged from 0.70 to 4.40, and the RQs of 87%
of the samples exceeded 1 (Fig. 1) (Dietz et al., 2018). Moreover, the RQs in 25 out of 31 years exceeded 1 (Dietz et al.,
2018). The data showed that PFOS was second to only PCBs in
immune, reproductive and carcinogenic risks to polar bears
at present (Dietz et al., 2018). In 2004, Jones (2004) calculated
the no observed adverse effect level (NOAEL) and the lowest
observed adverse effect level (LOAEL) of PFOS in quails and
mallard ducks in North America (4900–88,000 ng/g ww). They
further deduced the toxicity reference values (TRVs) for PFOS
in the serum (1700 ng/ml) and liver (600 ng/g ww) of birds
(Newsted et al., 2005). The highest concentration of PFOS occurred in Japanese Eurasian sparrow hawk (liver: 210 ng/g ww),
which was one-third of the TRVs (600 ng/g ww). However, more
than 5% of the plasma samples of bald eagles in the midwestern United States exceeded the TRVs (Route et al., 2014),
and approximately 17% of the liver samples of gray herons,
Eurasian sparrows and herring gulls in western Flanders, Belgium, exceeded the TRVs (Route et al., 2014). Approximately
25% of the liver samples of owls, black-tailed gulls, brown
hawk owls and northern goshawks were above the TRVs
(Houde et al., 2005). Moreover, Norden et al. (2016) found that
great cormorant, herring gull, and domestic White Leghorn
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chickens differed in sensitivity to PFOS and PFOA exposure,
suggesting that species differences should be taken into consideration.
Although most studies suggested that PFASs in apex predators did not reach the acute toxicity threshold, the chronic
toxicity of PFASs cannot be ignored, such as endocrine disruption. Lau et al. (2007) recently reported that the concentration
of PFASs in the brains of polar bears was positively correlated with reproductive hormones such as progesterone and
testosterone, which indicated that PFAS exposure aroused an
endocrine disruption effect on polar bears. As a result, the reproductive behavior of polar bears might be seriously affected
by high concentrations of PFASs. Ishibashi et al. (2008b) found
that the expression levels of peroxisome proliferator activated
receptor (PPARα), mRNA and cytochrome P450 (CYP) 4A in the
liver and kidney of Baikal seals were positively correlated with
PFNA levels (p<0.024). Similarly, Kurtz et al. (2019) found that
long-chain PFCAs (PFDA, PFUnDA, PFTriDA, PFTeDA) in the kidneys of cetaceans were positively associated with their expression levels of PPARα, mRNA, and CYP4A. CYP4A plays an
important role in the detoxification of exogenous contaminants; the effect of PFASs on the expression of CYP4A in apex
predators might cause liver and immune dysfunction, and the
PPARα expression mediated by PFASs might have a certain effect.
With the expansion of human activities, the living spaces
of many apex predators have been squeezed to remote regions and deep oceans, which have low viability of infectious agents, and fragile ecosystems in remote regions due to
the harsh environment (Routti et al., 2019). Therefore, apex
predators in remote areas might be more fragile to PFAS
exposure. Moreover, environmental factors, such as climate
change, might also influence the PFAS levels in apex predators.
Harwood et al. (2014) found that the blubber thickness and
population of beluga whales were decreased in the Mackenzie
River Delta, and they further found changes in beluga whale
prey caused by climate change. The blubber thickness may affect the PFAS concentrations in beluga whales, further exacerbating the potential impacts of PFASs on various physiological
functions.

3.3.

Maternal transfer

PFASs can transfer from mother to child via placenta, breastfeeding and/or oviposition. The metabolic capacity of animal calves is usually weaker than that of adults, and the immune system of animal calves is also not fully developed.
Many apex predators are protected and endangered species,
so maternal transfer of PFASs may put animal calves under
an increased potential biological risk and further influence
the reproduction of the species. Gronnestad et al. (2017) and
Houde et al. (2006) investigated PFASs in the breast milk of
MAP, such as bottlenose dolphins and hooded seals, which
offered evidence for the maternal transfer of PFASs among
apex predators. Due to maternal transfer, marine mammals
showed high contamination levels of PFASs during calfhood.
The PFAS concentrations in calves of Baikal seals (PFASs),
elephant seals (PFOS), harbor seals (PFHxS, perfluoroheptane
sulfonate (PFHpS), PFOS, PFDoDA) and hooded seals (PFHxS,
PFOS, PFDoDA, PFUnDA and PFTriDA) were higher than those

in subadults and adults, which further suggested the ecological risk aroused by maternal transfer (Gronnestad et al., 2017;
Ishibashi et al., 2008a; Tao et al., 2006). Maternal transfer was
also found in porpoises, and the concentration of PFOS in the
liver of sucklings was significantly higher than that of nonsuckling juveniles (p = 0.03) (Galatius et al., 2011). The PFOS
level in the liver of lactating female porpoises was significantly higher than that of other adults (P = 0.05), which might
be due to the sharp increase in food intake during the lactating period, as well as the decrease in protein metabolism
and urine excretion (Galatius et al., 2011). Bottlenose dolphins
are also subject to maternal transfer of PFASs (Fair et al., 2012;
Houde et al., 2006), and a long-term study on three mothercalf pairs of bottlenose dolphins in Charleston showed that
the concentrations of  8 PFASs in the blood of calves were
6–10 times higher than those in mothers. The PFAS level of
the calf was observed to be close to that of the mother in
only one older calf (aged 8) (Houde et al., 2005). The hepatic
concentrations of PFOS and PFNA in the Pacific white-sided
dolphins were high during calfhood but gradually decreased
and tended to remain stable as they grew older. When the
growth rate exceeded the uptake rate of PFASs from the environment, “growth dilution” occurred, which could partly explain the similar concentrations of PFASs between the older
calf and adult (Lynch et al., 2018). Differences in the PFAS
profiles between calves and adults may be attributed to maternal transfer and the differences in elimination behavior.
The percentages of PFOS and PFNA in harbor seal calves were
higher than those in adults (Shaw et al., 2009), which was
similar to the hepatic PFAS profile in Antarctic seal calves
(PFOS>PFNA>PFHpA>PFUnDA) (Schiavone et al., 2009). The
high level of PFOS in sucklings might originate from breast
milk or placental transfer, while female adults eliminate PFOS
from their body by delivering babies and lactation.
A high concentration of PFOS was found in the nestlings
and eggs of guillemots (a terrestrial apex predator), which was
significantly higher than that in the liver of adult guillemots.
The concentration of PFOS in the liver of nestlings was approximately 2.5 times higher than that in adults (Holmstrom and
Berger, 2008). PFASs also showed the same trend. PFASs are
transferred from mother birds to eggs and mainly accumulate in the yolk (Holmstrom and Berger, 2008). The liver is
a storage reservoir of PFASs, while the low-density lipoprotein in the yolk is formed in the liver, where PFOS is bonded
and then transferred to the yolk to achieve intergenerational
transfer. These results indicated that the high exposure risk
and potential adverse outcome of PFASs should arouse great
concern in the nestling of terrestrial raptors (Holmstrom and
Berger, 2008). Different from the above findings, although the
phenomenon of maternal transfer of PFASs existed in polar
bears, the concentrations of PFASs in calves were lower than
those in mothers (paired t-test or Wilcoxon test, p ≤ 0.029), as
 7 PFCA and  2 PFSA in calves were 0.24±0.01 and 0.22±0.01
times those in mothers (Bytingsvik et al., 2012). The lactation
of polar bears is relatively short (approximately 4 months),
which results in the calves ingesting the same food as their
mother. Smithwick et al. (2006) reported that PFASs in juvenile polar bears (aged 1–6) were positively correlated with their
age, and found that bears in four of the seven sampling sites
in the North American Arctic and European Arctic showed a
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positive relationship between PFOS and age (Smithwick et al.,
2005). These results suggested that the PFASs would continuously accumulate in bears for a long time, and it took a long
time for the PFASs to reach stable levels.
No systematic evaluation method has been established for
maternal transfer of apex predators due to the difficulty in
sampling. Bytingsvik et al. (2012) used the ratio of plasma
PFASs between polar bear cubs and the corresponding mother
(Ccub /Cmother ) to evaluate the transfer efficiencies of PFASs and
found that the transfer efficiencies of PFHpA were the highest in PFCAs, followed by those of PFOA and long-chain PFCAs
(PFUnDA, PFDoDA and PFTriDA), and the transfer efficiencies
of PFNA and PFDA were the lowest. PFSAs also showed a similar pattern. The transfer efficiency of PFHxS was higher than
that of PFOS (Tukey HSD test: P ≤ 0.001). Moreover, among PFCAs and PFSAs, the mother-to-child transfer efficiency of PFOS
was lower than that of PFHpA, PFOA, PFDoDA and PFTriDA,
while the maternal transfer efficiency of PFHxS was lower
than that of PFHpA but higher than that of PFNA and PFDA
(Bytingsvik et al., 2012). Gronnestad et al. (2017) evaluated
the mother-to-child transfer efficiencies of PFASs in hooded
seals and found that the transfer efficiency of PFHxS (C6)
was higher than that of PFOS (C8) of PFSAs, the transfer efficiencies of PFCAs presented a U-shaped trend along with
the increase in the C chain length, with C8-C10 presenting a
downward trend, C10-C13 presenting an upward trend, and
PFNA and PFDA having the lowest transfer efficiencies of all
PFCAs. Gebbink et al. (2016) estimated the mother-to-child
transfer rate of PFASs in one pair of mother and child killer
whales; the transfer rate of PFASs ranged from 2.20% (PFHpA)
to 11% (PFOA), and the transfer rates of PFOS and the novel
PFASs, 6:2 chlorinated polyfluorinated ether sulfonate (6:2 ClPFESA), were 4.70% and 6.20%, respectively. Hart et al. (2008) reported that approximately 5%−10% of PFASs in the mother
liver were transferred to the child in two pairs of mother and
child melon-headed whales according to adjustments for liver
weight, which was approximately 2 times higher than the
transfer rates of PCBs and PBDEs in melon-headed whales.
Many apex predators have become endangered species due to
various environmental pressures. The Chinese white dolphin
has been listed as an endangered species (EN) on the Chinese
Species Red List, and the hooded seal has been listed as a critically endangered (CR) species by the IUCN. Most apex predators are mammals with late sexual maturity and a low reproductive rate. Studies on the toxicities and adverse outcomes
of PFASs in cubs are still lacking; thus, the threat triggered by
mother-to-child transfer of PFASs to offspring and populations
of apex predators should arouse sufficient attention in the future.

4.

Novel PFASs in apex predators

PFOS, PFOA, PFHxS and their related products have been
controlled by the Stockholm Convention or listed as candidates (http://chm.pops.int). However, fluorinated surfactants
are almost irreplaceable due to the excellent physicochemical properties of the C-F bond. Most of the alternatives to
legacy PFASs are usually still PFASs, mainly short-chain PFASs,
ether-modified PFASs, chloroperfluoropolyether compounds,
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Fig. 4 – Novel PFASs. (a) PFBA (perfluorobutanoic acid);
(b) PFBS (perfluorobutanesulfonic acid); (c) Cl-PFESAs
(chlorinated polyfluoroalkyl ether sulfonic acids);
(d) PFO4DA and PFO5DoDA (two kinds of PEFCAs);
(e) HFPO-DA (hexafluoropropylene oxide-dimer acid);
(f) HFPO-TA (hexafluoropropylene oxide-trimer acid);
(g) ADONA (dodecafluoro-3H-4,8-dioxanonanoate);
(h) Nafion byproduct 2; (i) PFECHS
(perfluoroethylcyclohexane sulfonate).

and cyclic PFASs (Fig. 4). At present, there are up to 4730 PFASrelated structures recorded in chemical databases and patent
documents (Lim, 2019), and numerous PFAS alternatives are
treated as confidential information (Washington et al., 2020).
In addition to commercial products, novel PFASs may also
be formed by degradation (Yi et al., 2020). Short-chain PFASs
are widely used as alternatives to legacy PFASs: perfluorobutanesulfonic acid (PFBS, C4 PFSA) has been found in the liver
and blood of polar bears (Boisvert et al., 2019; Gebbink et al.,
2016; Routti et al., 2017), Indo-pacific humpback dolphin
(Gui et al., 2019; Lam et al., 2016), finless porpoise and harbor seals (Ahrens et al., 2009a, b) with a range from <MDL
to 12.30 ng/g ww, and perfluorobutanoic acid (PFBA, C4 PFCA)
has also been detected in the liver of polar bears, with an average concentration of 36 ng/g ww (Boisvert et al., 2019). Although recent studies have reported their weak bioaccumulation/biomagnification capacity, short-chain PFASs are persistent in the environment, and their migration abilities are
even stronger than those of legacy PFASs (Feng et al., 2018), so
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short-chain PFASs with these characteristics need to be given
enough attention.
Loi et al. (2011) found that the known PFASs accounted for
only 11% of the extractable organic fluorine (EOF) in shrimp
from a food chain in the Hong Kong Wetland, which suggested
that there was a large fraction of unknown PFASs in the environment. These novel PFASs might also exhibit environmental persistence and bioaccumulation/biomagnification behavior, and it should be a priority to investigate whether they are
toxic. The most frequently detected novel PFAS in apex predators is currently 6:2 Cl-PFESA, which was detected in polar
bears, ringed seals and killer whales in East Greenland, and
finless porpoises in the Bohai Sea of China in recent studies
(Chen et al., 2018; Gebbink et al., 2016). Wang et al. (2021) detected high levels of 6:2 Cl-PFESA in the liver of finless porpoise
(482 ng/g dw) and Indo-Pacific humpback dolphin (973 ng/g
dw) from the South China Sea. The TMF of 6:2 Cl-PFESA was
3.37 in a marine food web, which was nearly equivalent to
that of PFOS (3.92) (Chen et al., 2018), indicating similar bioaccumulation/biomagnification behavior between 6:2 Cl-PFESA
and PFOS. Yi et al. (2020) reported that the half-life of 6:2 ClPFESA in rainbow trout and humans was longer than that
of PFOS. Gebbink et al. (2016) found that the 6:2 Cl-PFESA in
cubs was higher than that in adult killer whales, and it exhibited a significant correlation (p<0.001) in the liver samples
of killer whale mother-cub pairs. Sheng et al. (2018) discovered that certain novel PFASs, such as 6:2 Cl-PFESA and HFPODA (ammonium salt of hexafluoropropylene oxide dimer acid,
GenX), had stronger binding affinity to L-FABP than PFOS.
Cao et al. (2019) evaluated the binding affinity of PFOS alternatives with L-FABP through a quantitative structure-activity
relationship (QSAR) model and molecular dynamics (MD)
simulation and found that perfluorodecalin-2-sulfonic acid
(PFDeCS) had stronger binding activity than PFOS. In addition, an animal toxicity test (rat model) also showed that
PFDeCS had a stronger bioaccumulation capacity than PFOS
(Cao et al., 2019). Animal experiments implied that 6:2 ClPFESA might cause embryotoxicity, cardiac toxicity and neurotoxicity (Wang et al., 2019), and it could also interfere with
the signaling pathway mediated by PPARα (Li et al., 2018a).
Currently, the production of 6:2 Cl-PFESA is reported in China
only, and the high detection rate of 6:2 Cl-PFESA in apex
predators from East Greenland and the Atlantic coast of
the United States partly suggests its long-range transport
potential.
Gebbink et al. (2016) detected perfluoroethylcyclohexane
sulfonate (PFECHS, a cyclic PFAS) lower than the MDL in polar bears in Hudson Bay. However, Wang et al. (2021) detected PFECHS in the liver of finless porpoise (0.97 ng/g dw)
and Indo-Pacific humpback dolphin (1.57 ng/g dw). Perfluoroalkyl ether carboxylic acids (PFESAs) (Nafion byproduct 2;
range: 1–110 ng/g) and perfluoroalkyl ether sulfonic acids (PFECAs) (PFO4DA and PFO5DoDA; range for PFO5DoDA: 5–30 ng/g)
were also found in seabirds along the Atlantic coast of the
United States (Robuck et al., 2020). Liu et al. (2018) established a nontargeted analysis method of PFASs through highresolution mass spectrometry in the absence of PFAS standards and structural information and discovered a number
of novel PFASs in polar bear serum samples from Hudson
Bay and Arctic Canada, including cyclic or unsaturated perflu-

orosulfonates, ether perfluorosulfonates, unsaturated ether,
cyclic-ether or carbonyl perfluorosulfonates, and x:2 chlorinated perfluoroalkyl ether sulfonates. According to the sampling time, some novel PFASs could even be traced back to the
mid-1980s, and all four types of novel PFASs in the Beaufort
Sea increased significantly over time, with a doubling time
of approximately 3.7–9 years (Liu et al., 2018). We can predict that apex predators in industrial areas will be affected by
greater amounts and higher loads of novel PFASs than those
not in industrial areas. Similarly, Spaan et al. (2020) discovered novel PFASs, such as PFECAs, double-bond/cyclic PFSAs,
ether PFSAs and enol-ether, cyclic-ether or carbonyl PFSAs, in
the liver of marine mammals (including polar bears, Pinnipeds
and cetaceans).

5.

Future perspectives

This review integrated hundreds of studies, and concluded
current state of the PFASs exposure in apex predators. The
results showed that PFOS and medium- and long chain PFCAs (C9-C11) were the dominant legacy PFASs in apex predators, and liver and blood were the predominant “repositories”.
Moreover, novel PFASs, such as 6:2 Cl-PFESA, PFECAs and etc.,
were pervasively detected in global apex predators. There are
still some knowledge gaps need to be filled, thus we recommended the following research directions for further research.

•

•

•

•

Fill the data gap in terrestrial mammal apex predators. Although terrestrial birds have shown high levels of PFOS,
there are too limited studies focused on the PFASs occurrence in terrestrial mammal apex predators to gain a fully
insight.
Cumulative effects of PFASs. Studies mainly focused on
the toxicity effects caused by a single PFAS congener to
date. Numerous types of PFASs (including known and
unknown PFAS) congeners simultaneously accumulate in
apex predators as a matter of fact, and future studies
should explore the adverse outcome and mechanism under the cocktail exposure of PFASs.
Identification and ecotoxicity of novel PFASs. In spite of the
similar structure to legacy PFASs, the chemical structures
of most novel PFASs were not identified nor their ecological risks. Apex predators are usually sensitive sentinel
species because of the biomagnification behavior of pollutants, thus the maternal transfer of novel PFASs in apex
predators should arouse great concern due to their potential reproductive toxicities.
Call for regulatory frameworks for PFASs alternatives. The
bioaccumulation/biomagnification capacities of certain
novel PFASs reached or exceeded the REACH (Registation,
Evaluation, Authorisation and Restriction of Chemicals)
standard, and they were expected to biomagnify along food
chain and had long half-lives in apex predators. There is an
urgent need to evaluate the risk of novel PFASs, and calls
for safe alternatives.
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