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Abstract

Per- and polyfluoroalkyl substances (PFAS) pose a widespread environmental concern due to
their persistence, bioaccumulation potential, and toxicity. Their capacity to biomagnify poses
a potential threat to ecosystem stability and human health. However, biomagnification is not
an inevitable outcome but rather a conditional consequence of complex toxicokinetic
processes interacting with environmental conditions. This review systematically summarizes
the current understanding of the trophic transfer of PFAS in aquatic ecosystems, employing
the trophic magnification factor as a central tool for standardized assessment. It reveals that
biomagnification is related to the specific compound and organism, and is influenced by
food web structure and environmental conditions. While legacy long-chain PFAS often
demonstrate the capacity to biomagnify, emerging alternatives and precursors exhibit a
more variable and uncertain relationship. Future research should shift towards assessing
complex mixtures, accounting for precursor transformation, and integrating species-specific
physiological ecology with toxicokinetics. The development of predictive models that can
integrate mechanistic and food web structures is crucial for accurate risk assessment and for
formulating effective, targeted management strategies to protect both aquatic ecosystems
and human health.
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Highlights

+ Biomagnification is not an inevitable outcome, but rather a conditional consequence resulting from complex toxicokinetic
processes interacting with environmental conditions.

+ Biomagnification is influenced by the integrated effects of chemical properties, biological factors, and environmental conditions.

+ With the exception of PFOA, legacy long-chain PFAS generally exhibit biomagnification in aquatic ecosystems.

+ Some emerging PFAS exhibit greater biomagnification potential than PFOS.
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Per- and polyfluoroalkyl substances (PFAS) are a class of fluorinated
synthetic compounds. Since the 1950s, PFAS have been widely used in
textiles, firefighting foams, non-stick cookware, and food packaging
due to their unique properties, such as hydrophobicity, lipophobicity,
and thermal stabilityl?. During the manufacturing, transportation,
use, and disposal of products, PFAS are continuously released into the
environment. They have been widely detected in air, water bodies,
sediments, and organisms>%. Additionally, they are commonly found
in human tissuesP. Due to their widespread presence, environmental
persistence, long-range transport, and potential health risks, PFAS have
attracted global attention. Many countries and international
organizations have taken measures to restrict their production and
usel®. For instance, perfluorooctane sulfonic acid (PFOS) and its related
compounds were included in Annex B of the Stockholm Convention in
2009, while perfluorooctanoic acid (PFOA) was listed in Annex A in
20191 As a major convergence and migration channel for PFAS, the
aquatic environment continuously receives PFAS through atmospheric
deposition, surface runoff, and wastewater discharge, making aquatic
ecosystems a key area of concern for PFAS exposure and toxic
effects®® 1%, PFAS, including PFOS, PFOA, perfluorononanoic acid
(PFNA), and perfluorodecanoic acid (PFDA), can cause significant
immunotoxicity in aquatic organisms at concentrations of
approximately 10 pg/L. Among them, PFDA has been shown to
interfere with immune regulatory mechanisms through the Toll-like
receptor signaling pathway!'"'?. Simultaneously, exposure to PFOS,
perfluorobutane sulfonic acid (PFBS), and 6:2 chlorinated
polyfluorinated ether sulfonic acid (6:2 CI-PFESA) can induce
neuroinflammation, cognitive impairment, and neuronal apoptosis in
zebrafish (Danio rerio), among other neurotoxic effects!'?l. Short-chain
PFAS, such as perfluorohexane sulfonate (PFHxS), which are regarded
as substitutes, have also been reported to cause hepatotoxicity in
zebrafish at environmentally relevant concentrations!.

In aquatic food webs, PFAS can accumulate continuously in
organisms across trophic levels (TLs) due to: (1) their high stability
and resistance to degradation; (2) bioconcentration from water and
sediment; and (3) trophic transfer along feeding relationships in the
food chain. Biomagnification results in much higher concentrations

orders of magnitudel'>6l, While the initial concentration of PFAS in
the environment may be low, organisms at high TLs in the food
chain (such as large fish, marine mammals, and fish-eating birds)
may accumulate relatively high levels in their bodies!'”.18l, Given the
persistence, bioaccumulation potential, and toxicity of PFAS, the
biomagnification of PFAS in aquatic food webs not only threatens
biodiversity and ecosystem stability but also indirectly endangers
human health via the consumption of aquatic food sources, result-
ing in dietary exposure and subsequent ecological health risks!'201,
Exposure to PFAS has been associated with an increased risk of
cancers, such as those of the liver, kidney, and breast. Furthermore,
epidemiological and animal studies have demonstrated that PFAS
exposure is closely linked to immune dysfunction and hematol-
ogical damage, inducing immunosuppression, lymphocyte abnor-
malities, and alterations in blood parameters. These effects can
ultimately promote the development of cancer and immune-related
diseases through mechanisms involving inflammatory responses,
cell cycle dysregulation, and the JAK-STAT signaling pathway!2'.22l,
Therefore, accurately assessing the biomagnification potential of
PFAS in food webs is a critical component of ecological risk assess-
ment. The insights gained from this assessment are essential for
understanding exposure levels in high-trophic-level organisms,
revealing potential ecological and health risks, and ultimately
informing science-based pollution control and environmental
management strategies(?3, Currently, the biomagnification factor
(BMF) and trophic magnification factor (TMF) are widely used to
assess the biomagnification capacity of pollutants in food webs[24,
BMF reflects the ratio of pollutant concentration in a predator to
that in its prey; for instance, it has been used to confirm the biomag-
nification effect of PFASIZ5l, TMF, on the other hand, is calculated
based on the slope of the relationship between pollutant concentra-
tion and TL, representing the amplification trend of pollutants
throughout the food web, and has been adopted in the assessment
of the biomagnification of polybrominated diphenyl ethers and
hexabromocyclododecane in plankton and benthic organisms(2¢l,
However, BMF does not encompass the diversity of different accu-
mulation pathways, whereas TMF, considering the food web as a
whole, can be regarded as the weighted average of BMF values for
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each part and is often considered the 'gold standard' for evaluating
the biomagnification potential of chemicals27.28], The TMF provides
a more robust assessment of biomagnification than the BMF from a
single predator-prey pairl29l, This is exemplified by the work of Tomy
et al, who reported that PFOA showed biomagnification in specific
feeding relationships within an eastern Arctic marine food web,
whereas it did not magnify across the whole food web, presenting a
contrasting outcomeB3%,

The biomagnification potential of PFAS in aquatic food webs is
the result of complex interactions among chemical properties,
biological and ecological characteristics, and the ecosystem's
structureB'l, The hydrophobicity of chemicals is often used as a key
factor for predicting the bioaccumulation potential of persistent
organic pollutantsBZ, However, the mechanism by which PFAS
bioaccumulate exhibits a distinct complexity as they do not follow
the traditional lipid distribution pattern but rather rely more on
protein binding, active transport, and specific excretion
pathways33-351, PFAS exhibit a high affinity for biological macro-
molecules, such as liver fatty acid-binding protein and serum albu-
min. This protein-directed accumulation mechanism suggests that
even minor differences in their molecular structure, such as carbon
chain length and terminal functional groups, can impact binding
strength and affinity, tissue distribution, and in vivo clearance
kineticsB6371, Within aquatic ecosystems, the structure of food webs
(such as TL length and benthic-pelagic coupling relationships),
species-specific physiological characteristics (including metabolic
capacity, growth rate, and feeding strategies), as well as the distribu-
tion behavior of PFAS in multiple media, such as water and sedi-
ment, will jointly regulate their migration and biomagnification
patterns among TLsB8-401, In addition, while the biomagnification
potential of legacy PFAS (such as PFOS and PFOA) is well under-
stood, a systematic understanding of the environmental behavior of
emerging PFAS (including short-chain alternatives) and PFAS
precursors, which may be degraded into terminal PFAS in organ-
isms, is lacking!*142, Current evidence suggests that there are varia-
tions in the biomagnification potential of PFAS across different
aquatic systems; the underlying causes remain poorly understood,
as these differences may arise from complex interactions among
water physicochemical properties, pollution inputs, sediment char-
acteristics, and primary productivity, highlighting an urgent need
for further investigation®3], The structural characteristics of PFAS,
such as carbon chain length, functional group type, differences in
branched and linear structures, and the biotransformation process
of precursor substances, can affect their biomagnification behavior
in food webs. However, there is still a lack of a unified assessment
that can systematically integrate these structural factors that influ-
ence the degree of biomagnification4-461, Therefore, it is essential
to incorporate field monitoring efforts, experimental physiological
toxicology assessments, and molecular-level mechanistic studies to
elucidate how PFAS migrate across tissues and individuals, as well as
upward through TLs within food webs*7:481,

To systematically identify and characterize trophic transfer
patterns, this review focuses on TMF as the core evaluation index to
comprehensively integrate and assess existing research. Specifically,
this review focuses on whether different structural types of PFAS,
including traditional long-chain and emerging short-chain homo-
logues, and different functional group categories and substitutes
exhibit biomagnification potential in aquatic food webs and their
spatial variation. This review systematically analyzes how TMFs are
affected by compound structural features such as carbon chain
length, functional group type, branched and linear isomerism, and
the transformation potential of precursor substances. Additionally,

the key driving factors at the biological and ecosystem levels,
including species' metabolic and excretion capabilities, growth dilu-
tion effects, feeding behaviors, habitat characteristics, and food web
structure, are evaluated to understand their influence on biomagni-
fication potential.

This review systematically integrates the key drivers determining
the biomagnification behavior of PFAS in aquatic food webs,
encompassing multidimensional factors such as compound-specific
properties, biological metabolic characteristics, and ecosystem envi-
ronments. Based on mechanistic analysis, it elucidates how these
factors drive the differential biomagnification outcomes and
provides an in-depth examination of the transformation pathways
of precursor compounds as well as the biomagnification of emerg-
ing PFAS. This review offers a novel contribution by conducting the
first quantitative comparative analysis of PFAS TMFs across diverse
aquatic ecosystems, thereby revealing spatial heterogeneity.
Furthermore, it emphasizes that PFAS biomagnification in aquatic
systems is not an inevitable process but rather a conditional
outcome governed by the interplay of specific physicochemical,
biological, and ecological factors. This refined understanding serves
as an important corrective to current oversimplifications in ecologi-
cal risk assessment. Through the systematic review and mechanism
analysis of TMF-related evidence, this paper aims to provide a
unified conceptual framework for understanding the biomagnifica-
tion of PFAS and lay a scientific foundation for the formulation of
future ecological risk assessment and management strategies.

Driving mechanisms of trophic
magnification

The trophic magnification of PFAS in aquatic ecosystems is a result of
the interplay between their unique physicochemical properties and
the physiological and ecological processes of organisms. This process
begins when PFAS enter primary producers and benthic invertebrates
from water and sediment, initiating their transfer through the food
web. Via predator-prey relationships, PFAS are transferred to higher
TLs, with their magnification potential primarily determined by the
dynamic balance between uptake efficiency and elimination rates in
organisms®”! (Fig. 1).

Benthic invertebrates primarily accumulate PFAS from sediment
and serve as an essential food source for many fish species, estab-
lishing a critical trophic pathway for PFAS transfer from sediments
to fish59., Dietary intake is the predominant pathway for PFAS accu-
mulation and transfer up TLs in aquatic animals, such as fish. The
dietary route of exposure can contribute to 44.9%-76.4% of total
PFAS uptake in most fish speciesi®'l. The degree of uptake is influ-
enced by the TL and body composition of the organism. In addition,
fish with a higher protein content tend to exhibit more active forag-
ing behavior, leading to a greater dietary PFAS intakel>2.,

After entering the organism, PFAS are predominantly distributed
in protein-rich tissues, such as blood, liver, and kidneys, due to their
high affinity for proteins, including serum albumin and fatty acid-
binding protein(>3l. This strong affinity to proteins is a key factor
influencing their capacity to be compartmentalized with an organ-
ism or eliminated. In fish, PFAS are eliminated or reduced via gill
respiration, fecal excretion, growth dilution, and biotransformation.
Among these, gill respiration and fecal excretion represent the two
major pathways, whereas growth dilution and biotransformation
generally play smaller rolest'), The elimination pathways and effi-
ciencies of perfluoroalkyl acids (PFAAs) in fish are strongly governed
by their chain length and hydrophobicity (Logk,,)". Short-chain
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Fig. 1 Biomagnification of PFAS in aquatic ecosystems. The detailed PFAS trophic magnification diagram, adapted from Tomy et al.®%, demonstrates that
both PFOS and PFOA exhibit biomagnification in predator-prey relationships. However, only PFOS shows significant biomagnification across the entire
food web. The geometric mean (geomean) of the trophic magnification factors (TMFs) for various PFAS is noted, as statistically compiled from previous

studies (Supplementary Table S1).

PFAAs (C < 8), characterized by low molecular weight and weak
hydrophobicity, are primarily absorbed and eliminated via gill respi-
ration. In contrast, long-chain PFAAs (typically C9-C12) have a
greater binding affinity to proteins, reducing the effectiveness of gill
elimination and shifting the dominant elimination route to fecal
excretionB33l. The contribution of fecal excretion initially increases
with Logk,,. peaking at 87.6% for Logy,, around 6.5, indicating a
higher importance for PFAAs within this mid-hydrophobicity
rangel®'l. There is a significant positive correlation between fecal
excretion contribution and fish protein content®”, as high-protein
fish consume more food and produce more feces. However, as
Logy,,, increases beyond approximately 6.5, a strong hydrophobic-
ity further reduces the ability for elimination, making growth dilu-
tion relatively important in reducing PFAAs. This mechanism is
particularly prominent in smaller fish, as there is a marked negative
correlation between the contribution of growth dilution and body
weight!>4],

The combination of high uptake rates and low elimination rates
ultimately drives trophic magnification of PFAS. Taking PFOS as
an example, it is present at high concentrations in fish diets, leading
to substantial dietary intake (405 ng/[kg-d]), in addition to gill
uptake (633 ng/[kg-d]). Meanwhile, its elimination rate constant (k, =
0.037 d-) is remarkably low™. This kinetic profile results in a net
accumulation rate of PFAS that increases with TL, clearly demon-
strating the biomagnification potential of PFOS in aquatic
ecosystems.

Determination and application of TMFs

TMFs are calculated using the slope of the relationship between
contaminant concentration and TLs from field measurements, and
they represent the magnification of the entire food web, as inferred
through the following processi®”: (1) Measure the concentrations of
pollutant X in various organisms across different TLs within a food
chain; (2) Determine the TL of each organism by analyzing the ratio of
nitrogen stable isotopes; (3) Assum that the concentration of [X]

increases exponentially with TL, so plotting the logarithm of [X] against
TL for the relevant segment of the food chain will yield a linear
relationship:

log,o[X] = axTL+b o)
The TMF is then derived from the slope of the plot:
TMF = 10° ©)

where, [X] represents the concentration of the target PFAS, a
represents the intercept, and b represents the slope (both are
constants). When TMF is greater than 1, it represents biomagnification,
and when TMF is less than 1, it represents biodilution (Fig. 2a).

The N/N (5'°N) generally reflects a clear and systematic
enrichment between predators and prey; the difference between
predator and prey is always a constant value (3%0-4%o0)>%! and is
therefore often used to estimate the TL of consumers9l. In environ-
mental science, this constant value is conventionally defined as
3.4%0!39, The calculation formula is as follows:

(6 Nconsumer_5 Nbaselme) (3)
ABN

where, TL is the trophic level; 6"*N onsumer i the nitrogen isotope ratio
of consumers; 6" Np,seine i the nitrogen isotope ratio of baseline
species. When the baseline species is the primary producer, 1 = 1.
When the baseline species is the primary consumer, 1 = 2. AN is the
fractionation factor, which is the enrichment value of the §'°N in each
TL during the material transfer process (Fig. 2b). Nevertheless, it is
important to recognize that identifying a definitive baseline organism
in complex food webs involves inherent judgment. Variability in
baseline selection can propagate into TL estimates and ultimately
influence calculated TMFs. To mitigate this, the ecological context and
feeding ecology must be considered. Some studies suggest that
employing multiple baselines may improve accuracy”.. Therefore,
while commonly standardized, §'°N baseline selection remains a
methodological assumption. Future work should explicitly quantify
how this choice affects TMFs across systems.

Accurate and reliable identification of the food web is the basis
for understanding the biomagnification of contaminants®®l. The

TL =
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Fig. 2 Integrated assessment of contaminant biomagnification and
trophic dynamics. (a) The regression model illustrating PFAS biomag-
nification, with the slope (a) representing the biomagpnification rate and
(b) the intercept, according to the equation: Y = aX + b. The shaded
areas represent the confidence interval of the fitted line. (b) General
trophic positions and bulk delta nitrogen isotope ratios. (c) Carbon
sources and trophic levels characterize food web relationships.

13C/12C (5"3C) shows a slight variation with increasing TL. When the
isotopic signatures of carbon sources differ, it can be used to assess
the proportion of different nutrient sources for food tracingl>®l. Xie
et al. distinguished two food webs in subtropical estuaries based on
differences in basic food sources, as reflected in 6'3C numerical clus-
tering, which indicated variations in basal food sources. They then
conducted TMF analysis accordingly®®9. In addition, §'3C can be
used to determine the carbon sources of aquatic species and assess
whether different species belong to the same food web. This
approach considers the contributions of both benthic and pelagic
organisms and eliminates the trophic influence using the following
formulat38l;

Carbon source = 1—
6] 3Czooplankton - 6| 3Cconsumer + A(S] 3C(TLconsumer - TLzooplanklon)
613Czooplankton - 4! 3Cbenthic

where, 5‘3Cmop|ankton is the carbon isotope ratio of zooplankton and
represents the pelagic source. 6"3Consumer is the carbon isotope ratio of
the consumer. 63 Cpninic is the carbon isotope ratio of benthic species
and represents the benthic source. The AS"3C(TL onsumer—TLzooplankton)
term accounts for species occupying varying TLs higher than the
sources and thus for §'3C-enrichment between source and consumer
depending on the consumer TL relative to the source. Carbon source
values close to 0 indicate a high dependence on benthic food sources,
while values close to 1 indicate a high dependence on pelagic food
sources (Fig. 2c)*°\. A more fundamental yet often implicit limitation

“

stems from the prevalence of mixed feeding strategies in aquatic
ecosystems. For organisms with such strategies, their nutritional
sources are not singular, which violates the basic linear-model
assumption underlying TMF calculations. Although C analysis aids in
identifying carbon sources, complex feeding behaviors can still
weaken the linear relationship between contaminant concentration
and N-derived TL, causing the calculated TMF to deviate from the true
biomagnification potential2%%°,

Pan et al. studied the biomagnification of PFAS in a subtropical
marine food web, emphasizing the importance of establishing a
well-defined food web structure for TMF calculations. They initially
found that all species had similar §'3C values, indicating a shared
carbon source base among these organisms. To further verify
whether these species belonged to the same continuous food chain,
they calculated the relative carbon source proportions and ulti-
mately constructed a clear food web structure, except for phyto-
plankton and Grammoplites scaber. This food web structure served
as the basis for the subsequent TMF calculations®'l. In contrast,
Fang et al. identified several species with similar carbon sources but
did not specify the structure of the food web. In their subsequent
analyses, the subjective choice of whether to include invertebrates
yielded two distinct TMF resultsl®Z, The comparison above demon-
strates that a clear and reasonable food web structure is a prerequi-
site for ensuring the reliability of TMF assessment results[29.69,

It is also important to note that TMF calculations are based on
linear regression analyses, and biomagnification or biodilution
effects are only meaningful if the log concentration values of the
pollutant and TLs are significantly correlated (p < 0.05)6263],
However, this statistical threshold is a necessary but insufficient
criterion for robust TMF interpretation. Sole reliance on p-values can
be misleading: limited sampling may fail to detect true biomagnifi-
cation (Type Il error), whereas extensive data can render even
ecologically negligible trends statistically significant. Therefore, p-
values must be evaluated in conjunction with the sample point, its
confidence interval, and the coefficient of determination (R?) to
distinguish statistical artifact from biologically meaningful amplifica-
tion. The reliability of TMF regression analysis critically depends on
the detection frequency of the target compound. For instance, while
Miranda et al. reported biomagnification of L-N-ethyl perfluorooc-
tane sulfonamide (L-EtFOSA) (TMF = 1.8) in an estuarine food web,
its detection frequency was only 30%I°4. With over two-thirds of
data points imputed, the regression becomes dominated by
uniform, non-measured values, distorting the true variance-concen-
tration relationship and severely undermining statistical validity.
Therefore, applying a detection frequency threshold such as above
40% to 50% for TMF calculation, as practiced by Gao et al., is essen-
tial to ensure robust and comparable conclusions!©3),

Furthermore, the biomagnification assessment also has a key limi-
tation regarding tissue-specific differences. Studies have shown that
using different tissues as the baseline for concentration measure-
ments can systematically alter the estimated TMFs of PFAS in food
websl®2l, For example, a comparison of the In (PFOS) concentration-
TL relationships at two different locations showed that if the PFAS
concentrations in top marine mammals are measured in plasma
rather than homogenized animal tissues, the TMF derived from the
linear regression slope yields higher. In dolphins, the TMF calcu-
lated from plasma concentrations was approximately twice that
when calculated from whole-body concentrationsll, In polar food
webs, the TMF of PFOS calculated from the homogenized concen-
trations of beluga and narwhal is approximately threefold lower
than that derived from liver concentrations. Moreover, at the
compound level, when measured in the liver, the TMF of PFOA is
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greater than 1, but when calculated using homogenized concentra-
tions, the TMF is less than 1€, This evidence consistently suggests
that TMFs calculated using plasma or liver concentrations of preda-
tors tend to overestimate the biomagnification of PFAS. The
methodological root of this bias lies in tissue distribution differ-
ences. Compared to lipids, PFOS is more prone to accumulate in the
blood and liver. Therefore, the standard lipid normalization meth-
ods used for hydrophobic/lipophilic organic pollutants are not
applicable to PFOS, and cannot account for the differences in
concentration between tissuesB%, When comparing across TLs, if
top trophic groups are represented by plasma or liver concentra-
tions, while lower TLs are represented by whole-body or muscle
concentrations, the mismatch in concentration baselines based on
sample type will systematically raise the TMF estimate. For lower
trophic organisms, using whole-body concentrations is more realis-
tic, as they are typically consumed whole by higher TL predators. To
reduce systematic bias from tissue mismatches, it is recommended
to prioritize whole-body concentrations or body burdens as the
unified baseline when estimating TMFs when possible and compar-
ing across studies. If liver or plasma concentrations are used, a
comparison with homogenized concentrations should be provided
to avoid overestimating the degree of biomagnification.

Trophic transfer and biomagnification of
PFAS in aquatic food webs

PFOS and PFOA

As a representative legacy long-chain PFAS, PFOS has been restricted
or banned globally. However, due to its high environmental
persistence and potential for long-range transport, the degradation of
PFOS precursors and the continuous use of PFOS-containing products
result in PFOS remaining a persistent contaminant in aquatic
environments®”%8. Numerous studies have demonstrated that PFOS
can exhibit significant bioaccumulation potential in marine organisms,
furthering biomagnification through food webs. The mechanism
underlying PFOS biomagnification is closely related to its unique
molecular structure, as its perfluoroalkyl chain (CgF;;7) confers high
chemical stability and resistance to biodegradation®”, while its
hydrophilic sulfonic acid group (—SOsH) has a strong negative charge
and stable dissociation state, enabling PFOS to form high-affinity
complexes with carrier proteins such as serum albumin, fatty acid-
binding proteins, and liver fatty acid-binding proteins%’'.
Consequently, PFOS can accumulate in protein-rich tissues, such as the
blood and liver, and result in poor elimination through metabolic
pathways. However, the TMF of PFOS varies among aquatic
ecosystems, and the factors governing its biomagnification potential
require further investigation.

Overall, literature data indicate that the geometric mean of the
TMF of PFOS in aquatic food webs is 2.99 (range: 0.93-14.26),
suggesting a biomagnification potential. The highest TMF value
(14.26) was reported by Chen et al. in the offshore South China Sea
food webl®3], whereas Kelly et al. observed a TMF of 11 in the Arctic
marine food webl’2, and Li et al. reported a TMF of 10.9 in an olig-
otrophic river on the Qinghai-Tibet Plateau”3}, all of which highlight
the biomagnification potential of PFOS. Notably, Penland et al.
(2015) reported an overall TMF of 0.93 for PFOS in the Yadkin-Pee
Dee River food web in the temperate Atlantic region. This value was
derived from a comprehensive food web spanning from primary
consumers (the Asiatic clam, serving as the food web baseline) to
top predatory fish at TLs from 0.4 to 4.3, encompassing four mollusk
families, 12 aquatic insect families and suborders, two crayfish

species, and 10 fish speciest’4. A TMF < 1.0 indicates biodilution of
PFOS within this system, which contrasts with the biomagnification
response typically observed across most ecosystems.

The TMF of PFOS tends to differ across ecosystem types and
climatic zones. By ecosystem type, marine food webs have a
geometric mean TMF of 3.47 (1.57-14.26), which is overall higher
than that of freshwater ecosystems, with a geometric mean of 2.77
(0.93-10.90) (Fig. 3a). TMFs are most widely reported in temperate
waters, with a geometric mean of 2.97 (0.93-10.90), while polar
waters have the highest biomagnification potential with a geomet-
ric mean TMF of 4.49 (2.9-11), and subtropical waters exhibiting a
geometric mean TMF of 2.85 (1.3-14.26). In contrast, in tropical
waters, the geometric mean was 1.53, suggesting a latitudinal gradi-
ent in which TMFs progressively decline from high to low latitudes
(Fig. 3b). This spatial pattern indicates that temperature, food web
structure, and ecosystem productivity may jointly influence the effi-
ciency of PFOS trophic transfer.

Several studies have investigated the differences in TMF among
PFOS isomers. Wang et al. calculated TMFs in the northern South
China Sea food web as follows: n-PFOS (4.88) > iso-PFOS (4.23) >
5m-PFOS (4.19) > 4m-PFOS (3.49) > 3m-PFOS (3.03)73L. Similarly,
Fang et al. reported that in the Meiliang Bay region of Taihu Lake,
the TMF sequence was n-PFOS (3.86) > 3+5m-PFOS (3.35) > 4m-
PFOS (3.32) > Tm-PFOS (2.92) > 2m-PFOS (2.67) > iso-PFOS (2.59).
This order corresponds well with their elution sequence on a
Hydrophobic Interaction Chromatography column, suggesting that
hydrophobicity may be an essential factor influencing the TMFs of
PFOS isomers[62.,

Houde et al. reported that branched isomers (Br-PFOS) are elimi-
nated more rapidly than linear isomers (L-PFOS), with the latter
exhibiting a greater biomagnification potential. In the Lake Ontario
food web, the TMF of L-PFOS (3.9) was higher than that of Br-PFOS
(2.5), indicating a higher biomagnification efficiency for the linear
isomerl7¢l, However, contrasting findings have also been reported.
For example, Simmonet-Laprade et al. noted that the relative
biomagnification of Br-PFOS and L-PFOS was inconsistent in four
river systems of southeastern France (Rhone, Bourbre, Furan, and
Luynes). The geometric mean TMF across five sampling sites was
higher for Br-PFOS (2.84) than for L-PFOS (2.37)1’L. Similar trends
were observed in the Orge River near Paris with Br-PFOS (1.8) > L-
PFOS (1.6)77), and the Gironde River in southwestern France with Br-
PFOS (3.9) > L-PFOS (2.5)8l. Overall, the biomagnification of PFOS
isomers does not follow a fixed pattern and is likely influenced by
multiple factors, including hydrological conditions, food web
composition, and species-specific metabolic traits. Consequently,
comparisons of isomer-specific biomagnification and ecological risk
should be interpreted with caution and in the context of specific
environmental conditions.

Another legacy long-chain PFAS, PFOA, is also widely detected in
aquatic environments, posing potential ecological and health
risks!2. Unlike PFOS, most studies report that PFOA tends to exhibit
biodilution in aquatic food webs, with TMFs typically below 1. The
molecular basis for this difference lies predominantly in functional
groups, as the carboxylic acid group (—COOH) of PFOA is less nega-
tively charged and shows pKa-dependent dissociation compared
with the sulfonate group (—SO;~) of PFOS. This results in weaker
binding affinity to carrier proteins, such as serum albumin, which
promotes renal elimination and reduces tissue retention”. Addi-
tionally, the shorter biological half-life and higher water solubility of
PFOA facilitate its entry into organisms primarily via direct aqueous
exposure rather than trophic transfer.
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Fig. 3 Trophic magnification factors (TMFs) of per- and polyfluoroalkyl substances (PFAS) in aquatic food webs. (@) Comparison of TMFs for
perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) in marine versus freshwater ecosystems. (b) Differences in TMFs for PFOS and
PFOA across different climate zones. () Comparison of TMFs for long-chain perfluoroalkyl carboxylic acids (PFCAs) in marine versus freshwater
ecosystems. (d) Differences in TMFs for long-chain PFCAs across different climate zones. The boxplots show the median (horizontal line), 25t-75t%
percentile (box), and 10t"-90t" percentile (whisker chart) of TMF, and the asterisk indicates the maximum or minimum values. (e) Variation in TMFs for
long-chain PFCAs with increasing carbon chain length. The boxplots show the median (horizontal line), 25t"-75t™ percentile (box), and 10"-90t" percentile
(whisker chart) of TMFs (left Y-axis). The violin plots represent the data distribution (left Y-axis). The red dotted line represents the geometric mean of TMF,
with coordinates on the right Y-axis. The numbers above the bars indicate the sample size (n). Data for this figure were pooled from 33 published studies.
Only results with a statistical significance of p < 0.05 were included in the analysis.

The geometric mean TMF of PFOA in aquatic food webs is 0.87
(0.18-6.30). The lowest value (0.18) was reported by Ren et al. in the
temperate freshwater lake, Lake Erie, food web!®%; Du et al. reported
a TMF of 0.2 in the South China Sea marine food web!28], and Pan et
al. found a TMF of 0.354 in the Beibu Gulf marine food web(®], all
indicating biodilution trends. Nevertheless, PFOA trophic transfer
shows ecosystem-specific heterogeneity. Zhu et al. reported TMFs of
2.4 and 1.9 in the South China Sea and Southern Ocean marine food
webs, respectivelyl®'], while Munoz et al. found a TMF of 6.0 in the
estuarine food web of the Gironde River in southwestern Francel78l.
These findings suggest that under certain ecological conditions,
PFOA may also exhibit a potential for biomagnification.

Across aquatic ecosystem types, PFOA TMFs in marine food webs,
with a geometric mean of 1.22 (0.2-6.3), are slightly higher than
those in freshwater systems, which range from 0.18 to 2.2, with a
geometric mean of 0.68 (Fig. 3a). Consistent with the spatial distri-
bution pattern of PFOS, PFOA TMFs show a negative correlation
with temperature across climatic zones. The highest values occur in
polar waters between 1.9 and 2.1, with a geometric mean of 1.97,
representing the only climatic region with a relatively stable
biomagnification. Temperate and subtropical waters have

geometric means of TMFs of 0.75 (0.18-2.2) and 0.81 (0.2-6.3),
respectively, while tropical waters exhibit the lowest TMF of 0.2,
indicating an overall biodilution effect (Fig. 3b).

Long-chain perfluoroalkyl carboxylic acids
Long-chain perfluoroalkyl carboxylic acids (PFCAs) typically refer to
carbon chain lengths of nine or more carbons. The long-chain PFCAs
that are frequently detected include PFNA (C9), PFDA (C10),
perfluoroundecanoic acid (PFUnDA, C11), perfluorododecanoic acid
(PFDoDA, (C12), perfluorotridecanoic acid (PFTrDA, C13), and
perfluorotetradecanoic acid (PFTeDA, C14). As representative legacy
long-chain PFAS, these compounds have been widely used in
industrial and commercial applications since the 1950s. However,
compared with PFOA and PFOS, global regulatory actions to restrict
long-chain PFCAs were implemented later. This gap between use and
regulation has led to the historical accumulation of long-chain PFCAs
in aquatic environments worldwidel®?. Ren et al. reported that the
concentrations of long-chain PFCAs in organisms from the Lake
Ontario food web were considerably higher than those of short-chain
PFAS®3, suggesting the necessity of treating long-chain PFCAs as a
distinct research category.
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A multitude of studies have demonstrated that long-chain PFCAs
generally exhibit a biomagnification potential. In the Lake Ontario
food web, Ren et al. calculated TMFs of 2.6, 3.7, 3.1, 2.7, 2.7, and 2.7
for PFNA, PFDA, PFUNDA, PFDoDA, PFTrDA, and PFTeDA, respec-
tively, all of which exceeded 183, Similarly, Tomy et al. reported
TMFs of 3.8, 6.3, and 13.7 for PFNA, PFDA, and PFUNnDA, respectively,
in the western Canadian Arctic marine food web based on marine
mammal and mesopelagic fish liver samples!®4. Conversely, some
studies have observed biodilution of long-chain PFCAs. For exam-
ple, Pan et al. reported TMFs of 0.2455, 0.7499, 0.5741, and 0.7586
for PFNA, PFUnDA, PFDoDA, and PFTeDA, respectively, in the
subtropical Beibu Gulf marine food web of southern Chinal®'l, The
TMF of long-chain PFCAs did not exhibit a pattern similar to that of
PFOS and PFOA in seawater or freshwater (Fig. 3c).

Current trends from existing research reveal a distinct latitudinal
gradient in the biomagnification of long-chain PFCAs, as TMF values
tend to decrease with increasing temperature (Fig. 3d). Taking
PFUNDA as an example, geometric mean TMFs were highest in polar
food webs (5.69), followed by temperate (2.89), subtropical (1.57),
and tropical (0.41) systems. Other long-chain PFCAs exhibit similar
patterns, suggesting that temperature may be a crucial environmen-
tal factor influencing trophic transfer efficiency.

Several studies have reported that the biomagnification potential
of long-chain PFCAs does not increase monotonically relative to
carbon chain length, but instead follows an 'inverted U-shaped'
trend, in which the bioaccumulation potential first increases and
then decreases. For instance, in the Lake Erie food web, TMFs for
PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, and PFTeDA were 0.89,
1.10, 2.04, 1.47, 1.65, and 1.55, respectively®0l, Similarly, Ren et al.
reported corresponding TMFs of 4.7, 5.3, 5.4, 3.5, 3.7, and 2.6 in the
Port of Austin food web in the United States!®l. Across the studies
compiled in this review, the TMFs' geometric mean (range) for PFNA
was 2.29 (0.25-9.9), PFDA was 2.67 (0.75-10.9), PFUnDA was 2.36
(0.40-13.7), PFDoDA was 2.00 (0.57-4.88), PFTrDA was 2.13
(0.39-14.9), and PFTeDA was 1.44 (0.33-4.87) (Fig. 3e). Overall, this
trend is consistent with the studies referred to above.

Emerging PFAS

With the increasingly stringent regulation of legacy PFAS, the
production and detection of emerging PFAS, including perfluoroalkyl
ether sulfonic acids (PFESAs), perfluoroalkyl ether carboxylic acids
(PFECAs), cyclic PFAS, and ultrashort-chain PFAS, have markedly
increased. This section will systematically review these emerging PFAS
by chemical structural class and delve into the underlying mechanisms
of their biomagnification potential.

As a major industrial alternative to PFOS, 6:2 CI-PFESA (commer-
cially known as F-53B) has been widely detected in aquatic eco-
systems and exhibits significant biomagnification potential. Its
TMF generally exceeds 1, ranging from 1.82 to 3.37 in temperate
marine food webs and from 0.47 to 4.76 in subtropical marine
environments[39.61.63,7581,86,87] Studies suggest that 6:2 CI-PFESA may
possess an even greater biomagnification potential than PFOS,
which could be attributed to the chlorine atom in its hydrophobic
tail facilitating stronger electrostatic interactions with proteins,
enhancing the binding affinity, and reducing renal clearancel®®l. The
relatively lower biomagnification factor observed for 6:2 H-PFESA in
the same studies further supports this mechanism!7>l. Notably, the
TMF for its homologue, 8:2 CI-PFESA, has reached as high as 6.44075],
likely due to the extended carbon chain conferring a stronger
protein-binding capacity®®. Current evidence indicates that the
introduction of an ether linkage into the perfluoroalkyl chain does

not appear to substantially alter the fundamental toxicological
mode of action®,

The biomagnification potential of PFECAs varies dramatically
among different compounds, highlighting a high degree of struc-
tural specificity. This is particularly evident in the comparison
between hexafluoropropylene oxide tetrameric acid (HFPO-TeA)
and 4,8-dioxa-3H-perfluorononanoic acid (ADONA). HFPO-TeA
exhibits extremely high TMFs, ranging from 5.95 to 11.7, even
surpassing those of legacy PFOSP192l, The underlying mechanism
may involve its additional ether bond, which increases molecular
size and potentially hinders elimination. Concurrently, greater
hydrophobicity may enhance its binding affinity to specific proteins,
ultimately elevating its bioaccumulative potentiall®3. In stark
contrast, although computational models predict that ADONA has a
high binding affinity to liver fatty acid-binding protein®¥, experi-
mental observations reveal a pattern of biodilution (TMF = 0.58)59,
The structural drivers behind this discrepancy remain unresolved. In
summary, the biomagnification behavior of PFECAs is not a class-
wide characteristic. Their specific environmental fate, bioaccumula-
tive potential, and associated health risks require further in-depth
investigation.

Perfluoroethylcyclohexane sulfonate (PFECHS), an emerging
cyclic PFAS and a substitute for PFOS, has demonstrated a biomag-
nification potential in subtropical freshwater food webs®3], though
it is generally considered lower than that of PFOS. This may be
attributed to its relatively lower hydrophobicity and more efficient
elimination pathways!l,

Ultrashort-chain PFAS are attracting increasing attention due to
their high environmental mobility and potential toxicity, yet they
exhibit minimal biomagnification potential. For instance, in temper-
ate marine food webs, perfluoro-2-methoxyacetic acid (PFMOAA)
exhibits TMFs in the low range of 0.03 to 0.26[°'92], indicating rapid
metabolic clearance and very low bioaccumulation potential. This
aligns with its physicochemical properties, including short chain
length and high water solubility, which facilitate rapid renal or
metabolic elimination, thereby effectively preventing tissue reten-
tion and trophic transfer!®7,

Overall, a variety of emerging PFAS and PFAS alternatives are
continuously being identified. Differences in molecular structure,
environmental matrices, and metabolic stability contribute to
increasingly complex behaviors within aquatic ecosystems. Current
evidence indicates that typical alternatives, such as CI-PFESAs,
PFECAs, and cyclic PFAS (e.g., PFECHS), generally exhibit significant
biomagnification effects.

Precursors

In addition to emerging PFAS, PFAS precursors, which can
continuously release terminal perfluorinated carboxylic acids (PFCAs)
and perfluorinated sulfonic acids (PFSAs) through biotic and abiotic
processes, can also exhibit magnification in aquatic ecosystems. As a
known precursor of PFOS, perfluorooctane sulfonamide (FOSA) has
shown significant biomagnification potential (TMF > 1) in numerous
studies. In temperate river food webs, TMF values range from 1.3 to
5.917:77]_ However, an exception was reported in Lake Ontario, Canada,
where a TMF as low as 0.51 was observed®®, suggesting that trophic
magnification of FOSA may be influenced by biotransformation and
environmental conditions. Substantial interspecies differences have
also been observed, with TMFs of 5.0 and 4.46 reported in the food
webs of bottlenose dolphins (Tursiops truncatus) and beluga whales
(Delphinapterus leucas), respectively!®’, indicating pronounced
biomagnification in mammal-dominated systems where uptake and
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storage rates exceed elimination. Similarly, TMF > 1 has been observed
in liver-based food webs of beluga®!. Beyond FOSA, other PFOS
precursors exhibit distinct magnification behaviors. For example, N-
methyl perfluorooctane sulfonamidoacetic acid (MeFOSAA) exhibited
TMFs ranging from 1.5 to 2.3 in temperate freshwater food webs,
indicating its potential for biomagnification®”””!, Furthermore, the TMF
of N-ethyl perfluorooctane sulfonamide (N-EtFOSAA) varies across
aquatic environments, tending to be higher in seawater (2.93) than in
freshwater (1.5) systems!’>%],

Precursors of PFCAs also exhibited biomagnification in aquatic
ecosystems, with 7:3 fluorotelomer carboxylic acid (FHpPA) exhibit-
ing a TMF of 5.82 in subtropical marine food webs”>. In addition,
fluorotelomer sulfonic acids (n:2 FTSAs, n = 6, 8, 10) displayed vari-
able magnification behaviors. Previous studies reported that 10:2
FTSA (4.15) showed a higher TMF than 8:2 FTSA (2.95)3], while the
TMF of 6:2 FTSA reached as high as 6.76 in Tibetan Plateau food
webl73], reflecting differential biomagnification potential.

Factors affecting trophic transfer and
biomagnification

Despite trophic magnification being a central concept in assessing the
ecological risk of persistent organic pollutants, it must be emphasized
that biomagnification is not an inevitable outcome for PFAS transfer
within food webs. Even for typical PFAS such as PFOS, which have
been widely demonstrated to possess a strong biomagnification
potential, they may still exhibit biodilution phenomena in specific food
webs. For instance, research by Penland et al. in the Yadkin-Pee Dee
River food web found a TMF value of 0.93 for PFOS, indicating a trend
of biodilution’4, This key case demonstrates that the trophic transfer
fate of PFAS (magnification or dilution) is not solely an intrinsic
property determined by their physicochemical characteristics, but
rather the outcome of the interaction between these properties and
the structural features of specific ecosystems, environmental
conditions, and physiological processes of organisms. Therefore,
understanding the behavior of PFAS in food webs must move beyond
simplistic attribution based solely on compound-specific properties,
and instead systematically examine the multiple interacting factors
that drive the direction of their trophic transfer. The following sections
will elaborate on these key influencing factors one by one.

Chemical factors

Substance properties

The length of the perfluorinated alkyl chain can influence the
biomagnification of PFAS in aquatic ecosystems®'\. This impact
exhibits a clear 'inverted U-shaped' relationship, which arises from a
fundamental shift in the dominance of two core mechanisms
governing biomagnification potential: protein-binding affinity and
molecular steric hindrance. Specifically, for PFCAs with chain lengths
shorter than approximately ten carbon atoms (e.g, C8-C10),
biomagnification potential increases with chain length. This ascending
phase is primarily driven by enhanced protein-binding affinity. Longer
perfluoroalkyl chains form stronger hydrophobic interactions and
specific bonds with key transport and storage proteins in organisms,
such as liver fatty acid-binding proteins and serum albumin®. For
example, in the food webs of Chaohu Lake, long-chain PFAAs
demonstrated significant trophic magnification, whereas short-chain
homologs mostly exhibited biodilution or no significant
magnification®. This enhancement in binding affinity reaches
saturation at approximately C10/C11. Beyond this critical chain length
(e.g, C11-C14 PFCAs), despite the continued increase in the

compound's hydrophobicity, its biomagnification potential declines
instead of rising. Research on the Lake Huron food web supports this:
the TMFs of C8-C10 PFCAs increased with carbon chain length. In
contrast, those of C11-C14 PFCAs decreased®. The determining
factor in this descending phase shifts from binding affinity to
molecular steric hindrance®.. Excessively long perfluoroalkyl chains
result in a larger molecular volume, which can hinder passive diffusion
across cellular membranes®>'%, Further supporting this phenomenon
is the observation that when the perfluoroalkyl chains exceed 11
carbon atoms, the binding affinity of PFCAs to human serum albumin
also decreases!'®". This nonlinear relationship between protein binding
affinity and perfluoroalkyl chain length may help explain the observed
trophic dynamics. Therefore, the entire 'inverted U-shaped' curve
essentially represents a trade-off between bioaccumulation potential
driven by protein binding and uptake and transport limitations
imposed by molecular size. This also supports the view that
hydrophobicity alone does not govern the trophic transfer of PFAS
from lower to higher TLs®>1%%, This property difference is progressively
amplified through predation and trophic transfer along the food chain,
ultimately resulting in the significant distinction in bioaccumulation
between short- and long-chain PFAS in aquatic organisms, thereby
providing a mechanistic explanation for their markedly different
biomagnification behaviors.

Distinct isomers of PFAS, namely linear and branched forms,
exhibit different biomagnification potentials due to variations in
molecular structure, hydrophobicity, and persistence. Linear PFAS
isomers generally demonstrate a stronger biomagnification capac-
ity than their branched counterparts!'%2, likely due to the preferen-
tial interactions of linear isomers with cell membranes(6275761, |In a
study of the Lake Ontario food chain, Houde et al. observed a selec-
tive retention of linear PFOS during trophic transfer, with its TMF
being higher than that of branched isomers. For instance, during
transfer from benthic organisms, such as Mysis, to fish like sculpin,
the biomagnification factor of linear PFOS isomers reached 3.9,
whereas that of a monobranched isomer was only 2.8[7¢], Research
by Gui et al. on Indo-Pacific humpback dolphins in the Pearl River
Estuary revealed differential bioaccumulation capacities among
PFSA isomers, with linear PFOS exhibiting a greater bioaccumula-
tion potential compared to branched isomers!'%3, However, a key
counterexample was provided by Simmonet-Laprade et al. in a
riverine food web in southeastern France, where branched PFOS
demonstrated a higher biomagnification potential than its linear
isomer at specific sampling sites, indicating that the biomagnifica-
tion potential of linear PFAS is not perpetually superior to that of
branched isomers under all environmental conditions!¢7.104],

The functional group type of PFAS influences their biomagnifica-
tion behavior in aquatic ecosystems by modulating molecular polar-
ity, charge distribution, and interaction modes with biological
macromolecules. Typically, —SOsH confers the most substantial
biomagpnification potential, followed by carboxylic acid groups,
while specific emerging alternatives with distinct functional groups
exhibit minimal effects. For instance, Zeng et al. demonstrated in a
zebrafish bioaccumulation study that sulfonate-based PFOS was
accumulated at relatively high levels in fish organs during exposure,
whereas the carboxylate-based PFOA generally displayed a lower
biomagnification potential than PFOSU'%. Similarly, Fang et al.
reported that the type of PFAS functional group regulates biomag-
nification effects in aquatic ecosystems by altering the binding affin-
ity to biomacromolecules. Specifically, —SOsH imparts a stronger
protein-binding capability to PFAS molecules than —COOH, as
evidenced in the Taihu Lake food web, where PFOS exhibited a
significant biomagnification (TMF = 3.74). At the same time, PFOA
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with an identical carbon chain length showed biomagnification
(TMF = 2.13)[62106] Fyrthermore, Farrell et al. observed that the func-
tional group affects the hydrophobicity of PFAS, protein-binding
ability, and metabolic resistance, thereby directly determining the
bioaccumulation potential and trophic magnification trends in food
chains. For example, in their aquatic food chain investigation, PFOS
with —SO3;H demonstrated remarkably high accumulation patterns
in mayflies, with enrichment levels substantially surpassing those of
other PFAS, indicating that the sulfonic acid group may potentiate
PFAS-protein binding in organisms, resulting in selective retention
and amplification during trophic transferl’'],

Precursor transformation

Furthermore, the biomagnification of PFAS is partially modulated by
the biotransformation of precursor compounds. Taking FOSA as an
example, an important precursor to PFOS, its environmental transport
and transformation can indirectly enhance the biomagnification
potential of PFOS. Research by Brandsma et al. indicated that the in
vivo transformation of PFAS precursors amplifies the biomagnification
capacity of their terminal forms in aquatic ecosystems, as precursor
compounds are subsequently metabolized into persistent terminal
PFAS that exhibit reduced elimination efficiency. For instance, rainbow
trout (Oncorhynchus mykiss) fed 8:2 fluorotelomer alcohol (8:2 FTOH)
metabolize it into PFOA and other PFCAU'YL Similarly, FOSA is
biotransformed into PFOS in rainbow trout. Comparable metabolic
pathways have been corroborated by Yeung et al. These in vivo
conversion processes lead to the continuous accumulation of terminal
PFAS, such as PFOA and PFOS, in fish tissues. Due to their limited
elimination capacity, they exhibit an enhanced potential for trophic
transfer and magpnification along the food chain!'®®!. Consequently,
precursors like FOSA can function as cryptic sources of PFOS in food
webs, thereby elevating the TMF of PFOSI*’7!. This mechanism is
substantiated by the frequent observation of biodilution for FOSA itself
in food webs; its decreasing concentration with increasing TL signifies
ongoing conversion to PFOS. An analogous mechanism is observed in
Arctic marine food webs, where precursors such as FOSA and EtFOSA
undergo Dbiotransformation to vyield terminal PFOS, markedly
strengthening the biomagnification potential of PFOS from fish to top
predators like seals?. Studies by Simonnet-Laprade et al. further
demonstrate that in aquatic environments, (alkyl-) FASAs and (alkyl-)
FASAAs can be transformed into PFOS, while FTSAs and polyfluoroalkyl
phosphoric acid diesters are converted into PFCAs with similar or
shorter carbon chain lengths. These transformation processes
collectively intensify the biomagnification of PFOS and PFCAs in food
webs!”’), Notably, even if direct emissions of PFOS are controlled, the
continual transformation of precursors may sustain PFOS as a long-
term source. Retrospective analysis by Gui et al. on Indo-Pacific
humpback dolphins in the Pearl River Estuary revealed that, although
concentrations of certain PFCA declined between 2004 and 2016, PFOS
levels exhibited an increasing trend, likely attributable to ongoing
environmental degradation or the metabolism of other PFAS
precursors into PFOS. This phenomenon suggests that precursor
transformation not only maintains the ecological reservoir of PFOS but
may also contribute to its persistent accumulation in top predators,
such as Indo-Pacific humpback dolphins, thereby further amplifying its
biomagnification potential within the food chainl%3.

PFAS mixture interactions

In real-world environments, aquatic organisms are continuously
exposed to mixtures of PFAS with varying chain lengths and functional
groups. Recent studies have revealed that PFAS components do not
act independently but rather exhibit competitive interactions, which
are crucial for understanding their actual bioaccumulation and trophic
magnification behaviors.

Experimental research has shown that long-chain PFAS can effec-
tively inhibit the bioaccumulation of short-chain PFAS in fish tissues
due to the former's stronger hydrophobicity and higher affinity for
protein-binding sites. The underlying mechanisms primarily involve
two aspects. First, competition for transport proteins. In the pres-
ence of long-chain PFAS, they compete with short-chain PFAAs for
transporters, thereby inhibiting the uptake and elimination of short-
chain PFAAs. This leads to a decrease in the uptake and elimination
rate constants of short-chain PFAAs, with the reduction in uptake
rate being far greater than that in elimination ratel'%9., Second,
competition for protein-binding sites. For example, Wen et al.
demonstrated that the binding affinity of PFAS to fish liver fatty
acid-binding proteins increases with fluorocarbon chain length.
Under mixed exposure, long-chain PFAS preferentially occupy
limited protein-binding sites, displacing short-chain PFAS from
these sites. This competitive effect leads to the fractionation of
short-chain PFAS during bioaccumulation, meaning that the propor-
tion of long-chain PFAS in organisms increases with their environ-
mental concentration, while that of short-chain PFAS decreases
accordingly!®l, More importantly, this fractionation effect is progres-
sively amplified along the food chain. As trophic levels increase,
predators assimilate an ever-greater proportion of long-chain PFAS
from their prey, while short-chain PFAS are further excluded due to
competition, resulting in a decrease in their relative proportion in
organisms along the food chainl,

Biological factors

Food web structure

Habitat constraints can lead to diverse dietary structures among
organisms, enabling the same species to occupy different TLs across
distinct environments and food webs. Differences in food web
structure, particularly food chain length and TL variations, can result in
substantially divergent biomagnification behaviors®. Generally,
longer food chains provide more tiers for the trophic transfer of PFAS,
potentially leading to higher degrees of contaminant accumulation in
top predators. As demonstrated in a study of the Arctic marine food
web, with a long chain extending from macroalgae (TL: 1.0) to polar
bears (TL: 5.5), PFOS exhibited a notably high TMF of 17.4, illustrating
the enhanced biomagnification capacity associated with elongated
food chains for PFASUZ, Fang et al. reported significantly higher
concentrations of long-chain PFAS, such as PFOS, in high TL organisms,
specifically top piscivorous fish like mandarin fish, compared to lower
TL organisms, indicating an apparent biomagnification effect!®?.
However, in the same study, results for PFTrDA and PFTeDA contrasted
with those of EtFOSA, suggesting that biomagnification potential does
not invariably increase with TL. The factors governing these patterns
remain unclear, and differential metabolism of PFAS among species
may contribute to explaining this phenomenon®¥. Similarly, when
Miranda et al. calculated the TMF of EtFOSA after grouping organisms
by TL, biomagnification was observed in the lower TL group (TLs:
2.00-3.22) composed mainly of filter-feeding organisms, whereas
biodilution occurred in the second group (TLs: 3.56-4.49) dominated
by omnivorous organisms, indicating dilution of the chemical in top
predators, potentially due to more efficient metabolism and excretion
in higher TL species!®!. This aligns with findings by Diao et al., who
reported that PFAS biomagnification was not pronounced in higher-TL
species, except in the case of the catfish (Clarias macrocephalus) that
preys on the bearded goby (Trypauchen vagina). The underlying reason
may be that biomagnification in high TL organisms is a complex
process influenced by interspecific variability and intricate dietary
patternsi,
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The inclusion of benthic organisms in the food web and the pres-
ence of mammalian top predators also modulate the degree of PFAS
biomagnification in aquatic ecosystems. Specifically, benthic organ-
isms serve as a critical pathway in which PFAS are taken up from
sediments and incorporated into marine food chains. For instance,
in the Xiaoqging River Estuary, benthic invertebrates such as
snails and mussels directly absorb and accumulate PFAS from
sediments, with PFOA and PFMOAA occurring at relatively high
concentrations®'l. When fish consume these benthic organisms,
contaminants are transferred upward via the benthic-pelagic
coupling food web, significantly enhancing the biomagnification
potential of PFAS in high TL organisms®'. Moreover, mammals,
which lack efficient gill-based excretion pathways, exhibit strong
retention and accumulation capacities for long-chain PFAS, result-
ing in exceptionally high trophic magnification factors observed in
these longer food chains. As such, multiple studies in Chinese
coastal and estuarine systems have reported that PFOS concentra-
tions increase from lower to higher trophic levels, with notably
elevated levels in mammalian species, such as the Indo-Pacific
humpback dolphin, compared to organisms from other lower
levels!110],

Bioabsorption and metabolic capacity

The metabolic capacity of aquatic organisms, particularly the
differences in the efficiency of respiratory excretion pathways, plays a
regulatory role in the biomagnification potential of PFAS in marine
ecosystems. The fundamental distinction between aquatic mammals
and fish in terms of respiratory excretion efficiency is particularly
critical. Research by Liang et al.”"! demonstrated that the gill structure
of fish plays an important role in eliminating PFAS, although its
efficiency is strongly dependent on the physicochemical properties of
the compounds. Specifically, the contribution of gill respiration to PFAS
elimination decreases with increasing KowP'. When PFAS chain
lengths exceed eight carbon atoms, the elimination contribution rate
via gill respiration drops sharply to merely 0.82%". This indicates that
gill respiration primarily functions in the elimination of short-chain
PFCAs, while its contribution to long-chain homologues is minimal.
The biomagnification potential of PFAS largely hinges on metabolic
and elimination efficiency within organisms. Short-chain PFCAs are
typically rapidly cleared via efficient biotransformation, such as
conjugation with glutathione, and active excretion pathways, resulting
in limited accumulation in fish. In contrast, long-chain PFAS, such as
PFOS and PFCAs with = 8 carbons, resist biotransformation due to their
molecular structure and rely on less efficient pathways, including fecal
excretion, leading to significantly prolonged half-lives in organisms,
influencing the necessary conditions for bioaccumulation to occurt®®.,
However, in stark contrast to fish, aquatic mammals such as cetaceans,
being air-breathing top predators, lack similarly efficient aquatic
excretion pathways, resulting in the propensity for long-chain PFAS to
accumulate extensively in their bodies. This largely explains the
extreme phenomenon observed in long food chains containing high
TL organisms, such as that which occurs in the Arctic marine food web,
which extends from algae to polar bears, where PFOS exhibits a trophic
maghnification factor as high as 17.4V8. Furthermore, metabolic
transformation capacity can profoundly influence the ultimate fate of
PFAS; for instance, the precursor FOSA can be metabolically converted
to PFOS in fish. Although FOSA itself may exhibit a dilution trend
during trophic transfer, its conversion process indirectly elevates the
apparent TMF of PFOS. Similarly, Gui et al.'s study on Indo-Pacific
humpback dolphins in the Pearl River Estuary found that PFOS
concentrations in dolphins far exceeded those in their fish prey,
attributed to the distinct physiological structures and metabolic

clearance efficiencies between the two groups. Fish possess relatively
effective passive diffusion and ion exchange across the gill epithelium,
providing a relatively rapid excretion route for PFOS. In contrast,
humpback dolphins, as mammals, rely entirely on the hepatorenal
system for excretion. This lack of excretion pathway, coupled with
insufficient metabolic transformation capacity, results in a substantially
extended half-life of PFOS in dolphins, thereby generating a strong
biomagnification effect during trophic transfer from fish to dolphins,
where dolphins are subsequently bioaccumulating more PFOSI'%3!,

Environmental factors
In ecosystems influenced by diverse environmental factors, identical
PFAS can exhibit different behavior. When comparing different aquatic
ecosystems, it is essential to consider geographic factors. The first of
these is temperature. Temperature is one of the primary drivers
affecting PFAS biomagnification. Research indicates that higher water
temperatures typically enhance the metabolic rate and excretion
abilities of aquatic organisms, thus accelerating the absorption and
elimination of PFASPY., This can lead to lower TMF values in tropical or
subtropical regions. In colder areas, however, organisms have slower
metabolic and growth rates, as well as higher energy demands,
resulting in increased accumulation of PFAS in their bodies.
Consequently, higher TMF values are typically observed in polar or
high latitude food webs®'\. For example, the TMF of PFOS in the
northern polar food web can reach 2.92, whereas in subtropical marine
food webs, it is only 17509 According to Wang et al, the
concentrations of 13 PFAS in zooplankton and zebrafish increased with
rising temperature in laboratory conditions!''".. Additionally, Vidal et al.
demonstrated that reduced water temperature led to an increased
PFAS burden in rainbow trout!''?, In addition to the physiological
effects of temperature, differences in temperature zones may lead to a
varying composition of the food web, contributing to TMF differences.
The food webs of tropical aquatic ecosystems typically contain more
organisms, which may dilute the energy flows between them and
therefore dilute pollutants?”, Spatial differences in habitat also
contribute to TMF variability. Xie et al. showed that trophic transfer and
bioaccumulation of PFAS in estuarine organisms were masked by a
gradient dilution of PFAS in their habitats, and the effect of biotic
dilution was more pronounced in species with broader swimming
rangesP. Additionally, the spatial distribution of pollution sources and
ecosystem structure are significant external factors influencing the
temporal and spatial fluctuations of TMFs. Regions near PFAS industrial
discharge sources, such as Bohai Bay and Taihu Lake, typically exhibit
higher environmental concentrations and TMF values in
organisms®®#7), Similarly, in the Northern Hemisphere, populations
near point sources generally exhibit higher PFAS concentrations!''3!,
Apart from temperature, the chemical properties of water (such as
salinity, pH, dissolved organic carbon (DOC), and total phosphorus
concentrations) also influence the bioavailability and biomagnifica-
tion potential of PFAS by affecting their chemical forms and binding
statesl>8, Among these, salinity, as a key factor distinguishing differ-
ent aquatic ecosystem types, plays an essential role in regulating the
environmental behavior of PFAS!'', In high-salinity waters, the salt-
ing-out effect can reduce the solubility of PFAS in the water phase,
promoting their accumulation in particles or biological tissues and
thereby altering their bioaccumulation and magnification character-
istics. Other physicochemical properties also have specific
effectsl''>]. For example, DOC has a complex and concentration-
dependent impact on PFAS biomagnification: at lower concentra-
tions, certain types of DOC (especially humic acids) may promote
PFAS bioaccumulation, while at higher concentrations, DOC
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tends to reduce bioavailability and magnification. This is likely due
to the combined effects of DOC type, concentration, and its influ-
ence on biological membrane permeability and the nutrient
environment!'>-117], Changes in pH also partially affect biomagnifi-
cation. Under lower pH conditions, changes in the functional groups
on adsorbent surfaces and PFAS migration rates and degradation
may lead to higher concentrations of PFAS in fishB31.1181191 Finally,
nutrient concentrations can alter TMFs by influencing species
growth rates and food web structure. For example, elevated nutri-
ent levels often promote faster growth in organisms. This acceler-
ated growth can lead to a growth dilution effect, where the increase
in body mass outpaces the accumulation of PFAS, thereby reducing
contaminant concentrations in fish tissues('9],

Overall, these findings indicate that PFAS TMFs in food webs
exhibit variation across regions, driven by the combined influence of
environmental temperature, water chemical characteristics, salinity,
ecosystem structure, and pollution source distribution. Environmen-
tal conditions not only regulate the physicochemical behavior of
PFAS but also affect the physiological and ecological responses of
aquatic organisms, thereby jointly shaping the migration and
biomagnification processes of PFAS in food webs. Therefore, in
assessing the environmental risks of PFAS and formulating regional
pollution management or mitigation strategies, it is crucial to fully
consider the comprehensive impact of these environmental vari-
ables on PFAS biomagnification mechanisms (Fig. 4).

Methodology
Various methods can systematically impact the estimation of TMFs. For
instance, matrix effects between samples may lead to inaccuracies in
quantification, resulting in biased TMF measurements. In reported
cases, adding an adequate amount of isotopically labelled internal
standard prior to extraction and using isotope dilution methods, along
with smaller sample sizes (approximately 250 mg) and efficient
purification, can help mitigate variable recovery rates and matrix
effects, ensuring consistent results within the test range!’®,
Additionally, the arbitrary replacement of not detected (ND)
values (e.g., using 0.5 x LOD or DF x LOD) is common practice but
lacks a theoretical basis and can distort correlations and regression
slopes, subsequently inflating TMF estimates[’8120], For instance, for
PFUNDA, in the case of a benthic food web, arbitrary substitution
resulted in a TMF range of 3.2-3.7 (p < 0.0001, R?= 0.23-0.24),
whereas using a robust deletion method (Akritas-Theil-Sen/cenken)
yielded non-significant results (p = 0.08, Kendall's t = 0.13, slope =
0.15, TMF = 1.4). Even with a low deletion rate (less than 12% for
PFUNDA non-detections), simple substitution still led to distorted
TMF values and conflicting conclusionsl’8l. Therefore, it is essential
to clearly report non-detection treatments and internal standard
strategies in the report and conduct sensitivity analyses to quantify
the methodological dependency of TMFs. Furthermore, the detec-
tion frequency and concentration of pollutants should be carefully
determined, as an inaccurate frequency can lead to unexpected TMF
results, as highlighted by both Gao et al. and Miranda et al(6465],
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Conclusions and perspectives

The biomagnification of PFAS in aquatic food webs is widely regarded
as a potential threat to ecosystem stability and human health.
However, in dietary exposure and health risk assessments, it is essential
to recognize that biomagnification is not an inevitable outcome, but
rather a conditional consequence of integrated processes, including
absorption, distribution, metabolism, and excretion. Multiple factors,
including the properties of the compounds, the physiological
characteristics of the species, the structure of the food web, and the
environmental context, influence this process. Therefore, when
assessing the biomagnification potential of PFAS in food webs, caution
should be exercised, and interpretation should be evidence-based.

This review systematically summarizes the research progress in
understanding the transfer and biomagnification of PFAS in aquatic
ecosystems. Beginning with the toxicokinetic mechanisms, it eluci-
dates the intrinsic drivers of biomagnification. The review estab-
lishes the TMF as a central component of standardized assessment
frameworks. It examines the biomagnification behavior of legacy
long-chain PFAS, emerging alternatives, and their precursors across
diverse aquatic food webs. This work further systematically analyses
the influence of multiple dimensions, such as chemical properties,
biological characteristics, and environmental conditions, on trophic
transfer. Overall, the strong protein-binding affinity and slow elimi-
nation kinetics of PFAS underlie their potential for biomagnification.
However, this process is intensely regulated by the complex struc-
ture of the food web, showing apparent compound dependence,
species specificity, and ecosystem differences.

Future research should transition from assessing single
substances to studying complex pollution systems, paying atten-
tion to the interactions between short-chain and long-chain PFAS,
as well as the transformation processes of precursor substances in
organisms and their contributions to the accumulation of terminal
products. Additionally, it is necessary to thoroughly analyze the
physiological and ecological characteristics of different species
(especially top predators) in relation to the accumulation and clear-
ance behaviors of PFAS, thereby promoting the deep integration of
ecology and toxicokinetics.

To enhance the comparability and regional integration of
research, it is recommended to establish a standardized framework
for assessing TMFs, including standardized procedures for sample
processing, food web structure characterization, and data calcula-
tion. Furthermore, the application of omics technologies (such as
genomics, proteomics, and metabolomics) should be actively
promoted to provide new insights into the toxicokinetics of PFAS.
Integrating omics data with traditional toxicokinetic models will
enable a more comprehensive understanding of PFAS behavior
across different species, particularly in top predators. Moreover,
omics tools can be utilized to investigate the transformation of PFAS
precursors into persistent terminal products, offering valuable data
for assessing long-term bioaccumulation and biomagnification
potential.

Ultimately, future efforts should integrate toxicokinetic mecha-
nisms, food web structure, and field observations to develop predic-
tive models that can quantify key uncertainties, such as precursor
transformation, interspecies metabolic differences, and environ-
mental influences. Such models will be critical for accurately predict-
ing PFAS biomagnification and formulating targeted ecological and
health risk management strategies.

In summary, PFAS biomagnification in aquatic food webs
presents a multifaceted scientific challenge that involves numerous

processes across various scales. Future studies should extend
beyond phenomenological descriptions to achieve a mechanistic
understanding and predict the potential for biomagnification. This
shift will not only deepen the understanding of contaminant behav-
ior but also address the urgent need to develop effective manage-
ment strategies that safeguard the integrity of aquatic ecosystems
and human dietary health.

Supplementary information

It accompanies this paper at: https://doi.org/10.48130/newcontam-
0026-0004.

Author contributions

The authors confirm their contributions as follows: Ge Yang: data
collection and analysis, visualization, writing — original draft and
review; Yibo Wang: data collection and analysis, visualization, writing —
original draft; Di Fang: data collection and analysis, writing — original
draft; Jiayi Lin: data collection and analysis, writing — original draft;
Xinyu Ma: data collection and analysis, writing — original draft; Minhao
Wang: writing — original draft and review; Jason T. Magnuson: writing-
review & editing; Wenhui Qiu: writing-review & editing. All authors
reviewed the results and approved the final version of the manuscript.

Data availability

The datasets used or analyzed during the current study are available
from the corresponding author upon reasonable request.

Funding

The study was supported by National Natural Science Foundation of
China (Grant No. 42322707); Shenzhen Science and Technology
Innovation Committee (Grant Nos KCXFZ20240903093700002,
JCYJ20241202130703005); Guangdong-Hong Kong Joint Laboratory
for Soil and Groundwater Pollution Control (Grant No.
2023B1212120001); Ningbo key research and development plan and
'reveal the list' project (Grant No. 2023Z176); and High-level University
Special Fund (Grant No. G03050K001).

Declarations

Competing interests
The authors declare that they have no conflict of interest.

Author details

IState Key Laboratory of Soil Pollution Control and Safety, Guangdong-
Hong Kong Joint Laboratory for Soil and Groundwater Pollution
Control, School of Environmental Science and Engineering, Southern
University of Science and Technology, Shenzhen 518055, China;
2Department of Chemistry, Bioscience and Environmental Engineering,
University of Stavanger, Stavanger 4036, Norway

References

[1] Ahrens L. 2011. Polyfluoroalkyl compounds in the aquatic environ-
ment: a review of their occurrence and fate. Journal of Environmental
Monitoring 13:20-31

[2] Gluge J, Scheringer M, Cousins IT, DeWitt JC, Goldenman G, et al.
2020. An overview of the uses of per- and polyfluoroalkyl substances
(PFAS). Environmental Science: Processes & Impacts 22:2345-2373

Yangetal. | Volume2 | 2026 | €009

page 130f 17


https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.1039/C0EM00373E
https://doi.org/10.1039/C0EM00373E
https://doi.org/10.1039/D0EM00291G
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004

New

Contaminants

https://doi.org/10.48130/newcontam-0026-0004

[3]

[4]

[5]

[6]

[7]

[8]

[9]

101

[11]

[12]

[13]

[14]

[15]

[16]

171

[18]

[19]

Lohmann R, Abass K, Bonefeld-Jgrgensen EC, Bossi R, Dietz R, et al.
2024. Cross-cutting studies of per- and polyfluorinated alkyl
substances (PFAS) in Arctic wildlife and humans. Science of The Total
Environment 954:176274

Xie Z, Kallenborn R. 2023. Legacy and emerging per- and poly-fluo-
roalkyl substances in polar regions. Current Opinion in Green and
Sustainable Chemistry 42:100840

Jian JM, Chen D, Han FJ, Guo Y, Zeng L, et al. 2018. A short review on
human exposure to and tissue distribution of per- and polyfluo-
roalkyl substances (PFASs). Science of The Total Environment
636:1058-1069

Klingelhofer D, Braun M, Groneberg DA, Briiggmann D. 2024. The
"forever" per- and polyfluoroalkyl substances (PFAS): a critical
accounting of global research on a major threat under changing
regulations. Chemosphere 354:141694

Cheng Y, An Q, Qi H, Li R, Liu W, et al. 2023. Temporal trends of legacy
and emerging PFASs from 2011 to 2021 in agricultural soils of East-
ern China: impacts of the Stockholm convention. Environmental
Science & Technology 57:9277-9286

Yuan S, Wang X, Jiang Z, Zhang H, Yuan S. 2023. Contribution of air-
water interface in removing PFAS from drinking water: adsorption,
stability, interaction and machine learning studies. Water Research
236:119947

Kim SK, Kannan K. 2007. Perfluorinated acids in air, rain, snow, surface
runoff, and lakes: relative importance of pathways to contamination
of urban lakes. Environmental Science & Technology 41:8328-8334
Trobisch KM, Reeves DM, Cassidy DP. 2024. Environmental fate and
transport of PFAS in wastewater treatment plant effluent discharged
to rapid infiltration basins. Water Research 266:122422

Wang J, Fang D, Magnuson JT, Xu B, Zheng C, et al. 2025. Perfluo-
rodecanoic acid (PFDA) disrupts immune regulation via the Toll-like
receptor signaling pathway in zebrafish. Environmental Science &
Technology 59:19119-19130

Cui QW, Wang YQ, Ni JY, Liu ZQ, Li YF. 2025. Per- and polyfluoroalkyl
substances (PFASs) inhibit larval metamorphosis by impairing larval
muscle degeneration in the mussel Mytilus coruscus. Journal of
Hazardous Materials 487:137152

Cao X, Li Y, Liu X, Li K, Hong S, et al. 2025. Neurodevelopmental
effects of exposure to environmentally relevant concentrations of
perfluorooctane sulfonic acid (PFOS), perfluorobutanesulfonic acid
(PFBS) and 6:2 chlorinated polyfluorinated ether sulfonate (6:2 Cl-
PFESA) on larval zebrafish: multi-omics and neuropathology perspec-
tive. Journal of Hazardous Materials 494:138744

Liao H, He YJ, Zhang S, Kang X, Yang X, et al. 2024. Perfluorohexane-
sulfonic acid (PFHxS) induces hepatotoxicity through the PPAR
signaling pathway in larval zebrafish (Danio rerio). Environmental
Science & Technology 58:22894—22906

Luki¢ Bilela L, Matijosyteé I, KrutkeviCius J, Alexandrino DAM, Safarik |,
et al. 2023. Impact of per- and polyfluorinated alkyl substances
(PFAS) on the marine environment: raising awareness, challenges,
legislation, and mitigation approaches under the One Health
concept. Marine Pollution Bulletin 194:115309

Burkhard LP. 2021. Evaluation of published bioconcentration factor
(BCF) and bioaccumulation factor (BAF) data for per- and polyfluo-
roalkyl substances across aquatic species. Environmental Toxicology
and Chemistry 40:1530-1543

Zhang X, Li L, Xie Z, Ma J, Li YF, et al. 2024. Exploring global oceanic
persistence and ecological effects of legacy persistent organic pollu-
tants across five decades. Science Advances 10:eado5534

Jamieson AJ, Malkocs T, Piertney SB, Fujii T, Zhang Z. 2017. Bioaccu-
mulation of persistent organic pollutants in the deepest ocean fauna.
Nature Ecology & Evolution 1:51

Gardiner CL, Petali JM, Chen CY, Giffard NG, Fernando S, et al. 2025.
Evaluating the environmental occurrence of per- and polyfluoroalkyl
substances (PFAS) and potential exposure risk for recreational shell-
fish harvesters in the Great Bay Estuary, New Hampshire. Science of
The Total Environment 986:179747

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Qiu W, Yang G, Cao L, Niu S, Li Y, et al. 2000. Risks of per- and poly-
fluoroalkyl substance exposure through marine fish consumption.
Science 390:1305—-1309

Hong Y, Li J, Qiu Y, Wang Y, Du Z, et al. 2025. Integrative in silico anal-
ysis of per- and polyfluorinated alkyl substances (PFAS)-associated
molecular alterations in human cancers: a multi-cancer framework
for predicting toxicogenomic disruption. International Journal of
Surgery 111:5122-5136

Du X, Xu X, Liang X, Wu Y, Du Z, et al. 2025. Integration of animal,
population, and toxicogenomic evidence on the hematotoxic and
immunosuppressive effects of environmental exposure to PFAS
mixtures in adolescents. Environmental Science & Technology
59:10841-10853

Sun CS, Hou R, Huang QY, Li ZH, Xu XR. 2024. Food web bioaccumula-
tion model for ecological risk assessment of emerging organic pollu-
tants in marine ecosystems: principles, advances and challenges.
Environmental Pollution 363:125292

Li G, Xu Z, Luo K, Chen Z, Xu X, et al. 2021. Biomagnification and
trophic transfer of total mercury and methylmercury in a sub-tropi-
cal montane forest food web, southwest China. Chemosphere
277:130371

Zhang Y, Lu Y, Wang P, Shi Y. 2018. Biomagnification of Hexabromo-
cyclododecane (HBCD) in a coastal ecosystem near a large producer
in China: human exposure implication through food web transfer.
Science of The Total Environment 624:1213—1220

Brandsma SH, Leonards PEG, Leslie HA, de Boer J. 2015. Tracing
organophosphorus and brominated flame retardants and plasticiz-
ers in an estuarine food web. Science of The Total Environment
505:22-31

Gobas FA, de Wolf W, Burkhard LP, Verbruggen E, Plotzke K. 2009.
Revisiting bioaccumulation criteria for POPs and PBT assessments.
Integrated Environmental Assessment and Management 5:624—637

Du D, Lu Y, Zhou Y, Li Q, Zhang M, et al. 2021. Bioaccumulation,
trophic transfer and biomagnification of perfluoroalkyl acids (PFAAs)
in the marine food web of the South China Sea. Journal of Hazardous
Materials 405:124681—-124681

Borga K, Kidd KA, Muir DC, Berglund O, Conder JM, et al. 2012.
Trophic magnification factors: considerations of ecology, ecosystems,
and study design. Integrated Environmental Assessment and Manage-
ment 8:64—84

Tomy GT, Budakowski W, Halldorson T, Helm PA, Stern GA, et al. 2004.
Fluorinated organic compounds in an Eastern arctic marine food
web. Environmental Science & Technology 38:6475-6481

Ohoro CR, Amaku JF, Conradie J, Olisah C, Akpomie KG, et al. 2024.
Effect of physicochemical parameters on the occurrence of per- and
polyfluoroalkyl substances (PFAS) in aquatic environment. Marine
Pollution Bulletin 208:117040

Do ATN, Kim Y, Ha Y, Kwon JH. 2022. Estimating the bioaccumulation
potential of hydrophobic ultraviolet stabilizers using experimental
partitioning properties. International Journal of Environmental
Research and Public Health 19:3989

Sun JM, Kelly BC, Gobas FAPC, Sunderland EM. 2022. A food web
bioaccumulation model for the accumulation of per- and polyfluo-
roalkyl substances (PFAS) in fish: how important is renal elimination?
Environmental Science: Processes & Impacts 24:1152—-1164

Ng CA, Hungerbihler K. 2014. Bioaccumulation of perfluorinated
alkyl acids: observations and models. Environmental Science & Tech-
nology 48:4637—-4648

Zhao L, Teng M, Zhao X, Li Y, Sun J, et al. 2023. Insight into the bind-
ing model of per- and polyfluoroalkyl substances to proteins and
membranes. Environment International 175:107951

Cheng W, Doering JA, LaLone C, Ng C. 2021. Integrative computa-
tional approaches to inform relative bioaccumulation potential of
per- and polyfluoroalkyl substances across species. Toxicological
Sciences 180:212-223

Bangma J, Guillette TC, Bommarito PA, Ng C, Reiner JL, et al. 2022.
Understanding the dynamics of physiological changes, protein

page 140f17

Yangetal. | Volume2 | 2026 | €009


https://doi.org/10.1016/J.SCITOTENV.2024.176274
https://doi.org/10.1016/J.SCITOTENV.2024.176274
https://doi.org/10.1016/J.COGSC.2023.100840
https://doi.org/10.1016/J.COGSC.2023.100840
https://doi.org/10.1016/J.SCITOTENV.2018.04.380
https://doi.org/10.1016/J.CHEMOSPHERE.2024.141694
https://doi.org/10.1021/ACS.EST.2C07873
https://doi.org/10.1021/ACS.EST.2C07873
https://doi.org/10.1016/J.WATRES.2023.119947
https://doi.org/10.1021/ES072107T
https://doi.org/10.1016/J.WATRES.2024.122422
https://doi.org/10.1021/ACS.EST.5C04320
https://doi.org/10.1021/ACS.EST.5C04320
https://doi.org/10.1016/J.JHAZMAT.2025.137152
https://doi.org/10.1016/J.JHAZMAT.2025.137152
https://doi.org/10.1016/J.JHAZMAT.2025.138744
https://doi.org/10.1021/ACS.EST.4C07056
https://doi.org/10.1021/ACS.EST.4C07056
https://doi.org/10.1016/J.MARPOLBUL.2023.115309
https://doi.org/10.1002/ETC.5010
https://doi.org/10.1002/ETC.5010
https://doi.org/10.1126/SCIADV.ADO5534
https://doi.org/10.1038/S41559-016-0051
https://doi.org/10.1016/J.SCITOTENV.2025.179747
https://doi.org/10.1016/J.SCITOTENV.2025.179747
https://doi.org/10.1126/science.adr0351
https://doi.org/10.1097/JS9.0000000000002632
https://doi.org/10.1097/JS9.0000000000002632
https://doi.org/10.1021/ACS.EST.5C01138
https://doi.org/10.1016/J.ENVPOL.2024.125292
https://doi.org/10.1016/J.CHEMOSPHERE.2021.130371
https://doi.org/10.1016/J.SCITOTENV.2017.12.153
https://doi.org/10.1016/J.SCITOTENV.2014.08.072
https://doi.org/10.1897/IEAM_2008-089.1
https://doi.org/10.1016/J.JHAZMAT.2020.124681
https://doi.org/10.1016/J.JHAZMAT.2020.124681
https://doi.org/10.1002/IEAM.244
https://doi.org/10.1002/IEAM.244
https://doi.org/10.1002/IEAM.244
https://doi.org/10.1021/ES049620G
https://doi.org/10.1016/J.MARPOLBUL.2024.117040
https://doi.org/10.1016/J.MARPOLBUL.2024.117040
https://doi.org/10.3390/IJERPH19073989
https://doi.org/10.3390/IJERPH19073989
https://doi.org/10.1039/D2EM00047D
https://doi.org/10.1021/ES404008G
https://doi.org/10.1021/ES404008G
https://doi.org/10.1021/ES404008G
https://doi.org/10.1016/J.ENVINT.2023.107951
https://doi.org/10.1093/TOXSCI/KFAB004
https://doi.org/10.1093/TOXSCI/KFAB004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004

https://doi.org/10.48130/newcontam-0026-0004

New
Contaminants

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[64]

expression, and PFAS in wildlife. Environment International
159:107037

McKinney MA, McMeans BC, Tomy GT, Rosenberg B, Ferguson SH, et
al. 2012. Trophic transfer of contaminants in a changing arctic marine
food web: cumberland sound, Nunavut, Canada. Environmental
Science & Technology 46:9914-9922

Diao J, Chen Z, Wang T, Su C, Sun Q, et al. 2022. Perfluoroalkyl
substances in marine food webs from South China Sea: trophic trans-
fer and human exposure implication. Journal of Hazardous Materials
431:128602

Zhang D, Liu W, Xin Y, Liu X, Zhang Z, et al. 2024. Trophic transfer of
PFAS potentially threatens vulnerable Saunders's gull (Larus saun-
dersi) via the food chain in the coastal wetlands of the Yellow Sea,
China. Frontiers in Marine Science 11:1467022

Hamid N, Junaid M, Sultan M, Yoganandham ST, Chuan OM. 2024.
The untold story of PFAS alternatives: insights into the occurrence,
ecotoxicological impacts, and removal strategies in the aquatic envi-
ronment. Water Research 250:121044

Brunn H, Arnold G, Kérner W, Rippen G, Steinhduser KG, et al. 2023.
PFAS: forever chemicals—persistent, bioaccumulative and mobile.
Reviewing the status and the need for their phase out and remedia-
tion of contaminated sites. Environmental Sciences Europe 35:20

Liu H, Fujibayashi M, Kuba T. 2025. Impacts of per- and polyfluo-
roalkyl substances on benthic animals in aquatic ecosystems under
various land use types: a review. Results in Engineering 27:105960
Glaser D, Lamoureux E, Opdyke D, LaRoe S, Reidy D, et al. 2021. The
impact of precursors on aquatic exposure assessment for PFAS:
insights from bioaccumulation modeling. Integrated Environmental
Assessment and Management 17:705-715

Kelly BC, Sun JM, McDougall MRR, Sunderland EM, Gobas FAPC. 2024.
Development and evaluation of aquatic and terrestrial food web
bioaccumulation models for per- and polyfluoroalkyl substances.
Environmental Science & Technology 58:17828—-17837

Wang L, Yang T, Liu X, Liu J, Liu W. 2024. Critical evaluation and meta-
analysis of ecotoxicological data on per- and polyfluoroalkyl
substances (PFAS) in freshwater species. Environmental Science &
Technology 58:17555—17566

Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW, et al. 2010.
Adverse outcome pathways: a conceptual framework to support
ecotoxicology research and risk assessment. Environmental Toxicol-
ogy and Chemistry 29:730-741

Kotalik CJ, Hubbard LE, Perrotta BG, Walters DM, Kolpin DW, et al.
2025. Bioaccumulation and transfer of per- and polyfluoroalkyl
substances (PFAS) in a stream and riparian food web contaminated
by food processing wastewater. Environmental Science & Technology
59:19444-19456

Lewis AJ, Yun X, Spooner DE, Kurz MJ, McKenzie ER, et al. 2022. Expo-
sure pathways and bioaccumulation of per- and polyfluoroalkyl
substances in freshwater aquatic ecosystems: key considerations.
Science of The Total Environment 822:153561

Xu J, Guo CS, Zhang Y, Meng W. 2014. Bioaccumulation and trophic
transfer of perfluorinated compounds in a eutrophic freshwater food
web. Environmental Pollution 184:254—261

Liang X, Yang X, Jiao W, Zhou J, Zhu L. 2022. Simulation modelling
the structure related bioaccumulation and biomagnification of per-
and polyfluoroalkyl substances in aquatic food web. Science of The
Total Environment 838:156397

Chen CT, Carlotti F, Harmelin-Vivien M, Guilloux L, Banaru D. 2021.
Temporal variation in prey selection by adult European sardine
(Sardina pilchardus) in the NW Mediterranean Sea. Progress in
Oceanography 196:102617

Ahrens L, Bundschuh M. 2014. Fate and effects of poly- and perfluo-
roalkyl substances in the aquatic environment: a review. Environmen-
tal Toxicology and Chemistry 33:1921-1929

Feng WL, Wu JP, Li X, Nie YT, Xu YC, et al. 2022. Bioaccumulation and
maternal transfer of two understudied DDT metabolites in wild fish
species. Science of The Total Environment 818:151814

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Post DM. 2002. Using stable isotopes to estimate trophic position:
models, methods, and assumptions. Ecology 83:703-718

Peterson BJ, Fry B. 1987. Stable isotopes in ecosystem studies. Annual
Review of Ecology and Systematics 18:293-320

Letourneur Y, Fey P, Dierking J, Galzin R, Parravicini V. 2024. Challeng-
ing trophic position assessments in complex ecosystems: calculation
method, choice of baseline, trophic enrichment factors, season and
feeding guild do matter: a case study from Marquesas Islands coral
reefs. Ecology and Evolution 14:e11620

Wang Z, Li Y, Kong F, Li M, Xi M, et al. 2021. How do trophic magnifi-
cation factors (TMFs) and biomagnification factors (BMFs) perform on
toxic pollutant bioaccumulation estimation in coastal and marine
food webs. Regional Studies in Marine Science 44:101797

Xie X, Lu Y, Lei H, Cheng J, An X, et al. 2024. Bioaccumulation and
trophic transfer of per- and polyfluoroalkyl substances in a subtropi-
cal mangrove estuary food web. Science of The Total Environment
927:172094

Anderson C, Cabana G. 2007. Estimating the trophic position of
aquatic consumers in river food webs using stable nitrogen isotopes.
Journal of the North American Benthological Society 26:273—285

Pan CG, Xiao SK, Yu KF, Wu Q, Wang YH. 2021. 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 403:123618

Fang S, Chen X, Zhao S, Zhang Y, Jiang W, et al. 2014. Trophic magni-
fication and isomer fractionation of perfluoroalkyl substances in the
food web of Taihu Lake, China. Environmental Science & Technology
48:2173-2182

Chen Z, Zhan X, Zhang J, Diao J, Su C, et al. 2023. Bioaccumulation
and risk mitigation of legacy and novel perfluoroalkyl substances in
seafood: insights from trophic transfer and cooking method. Environ-
ment International 177:108023

Miranda DA, Benskin JP, Awad R, Lepoint G, Leonel J, et al. 2021.
Bioaccumulation of per- and polyfluoroalkyl substances (PFASs) in a
tropical estuarine food web. Science of The Total Environment
754:142146

Gao K, Miao X, Fu J, Chen Y, Li H, et al. 2020. Occurrence and trophic
transfer of per- and polyfluoroalkyl substances in an Antarctic ecosys-
tem. Environmental Pollution 257:113383

Houde M, Bujas TAD, Small J, Wells RS, Fair PA, et al. 2006. Biomagnifi-
cation of perfluoroalkyl compounds in the bottlenose dolphin
(Tursiops truncatus) food web. Environmental Science & Technology
40:4138-4144

Simmonet-Laprade C, Budzinski H, Babut M, Le Menach K, Munoz G,
et al. 2019. Investigation of the spatial variability of poly- and perfluo-
roalkyl substance trophic magnification in selected riverine ecosys-
tems. Science of The Total Environment 686:393—401

Kotthoff M, Mller J, Jirling H, Schlummer M, Fiedler D. 2015. Perfluo-
roalkyl and polyfluoroalkyl substances in consumer products. Envi-
ronmental Science and Pollution Research 22:14546—14559

Liu W, He W, Wu J, Qin N, He Q, et al. 2018. Residues, bioaccumula-
tions and biomagpnification of perfluoroalkyl acids (PFAAs) in aquatic
animals from Lake Chaohu, China. Environmental Pollution
240:607-614

Starnes HM, Jackson TW, Rock KD, Belcher SM. 2024. Quantitative
cross-species comparison of serum albumin binding of per- and
polyfluoroalkyl substances from five structural classes. Toxicological
Sciences 199:132-149

Farrell MR, Buchwalter DB, Weed RA, Enders JR, Planchart A. 2025.
Trophic transfer of per- and polyfluoroalkyl acids in a periphyton-
mayfly-zebrafish food chain. Aquatic Toxicology 287:107500

Kelly BC, lkonomou MG, Blair JD, Surridge B, Hoover D, et al. 2009.
Perfluoroalkyl contaminants in an arctic marine food web: trophic
magnification and wildlife exposure. Environmental Science & Tech-
nology 43:4037-4043

Li Y, Ren J, Li Y, Dong F, He Q, et al. 2025. Trophodynamic mecha-
nisms of per- and polyfluoroalkyl substances in oligotrophic

Yangetal. | Volume2 | 2026 | €009

page 150f17


https://doi.org/10.1016/J.ENVINT.2021.107037
https://doi.org/10.1021/ES302761P
https://doi.org/10.1021/ES302761P
https://doi.org/10.1016/J.JHAZMAT.2022.128602
https://doi.org/10.3389/FMARS.2024.1467022
https://doi.org/10.1016/J.WATRES.2023.121044
https://doi.org/10.1186/S12302-023-00721-8
https://doi.org/10.1016/J.RINENG.2025.105960
https://doi.org/10.1002/IEAM.4414
https://doi.org/10.1002/IEAM.4414
https://doi.org/10.1021/ACS.EST.4C02134
https://doi.org/10.1021/ACS.EST.4C04818
https://doi.org/10.1021/ACS.EST.4C04818
https://doi.org/10.1002/ETC.34
https://doi.org/10.1002/ETC.34
https://doi.org/10.1002/ETC.34
https://doi.org/10.1021/ACS.EST.5C04867
https://doi.org/10.1016/J.SCITOTENV.2022.153561
https://doi.org/10.1016/J.ENVPOL.2013.09.011
https://doi.org/10.1016/J.SCITOTENV.2022.156397
https://doi.org/10.1016/J.SCITOTENV.2022.156397
https://doi.org/10.1016/J.POCEAN.2021.102617
https://doi.org/10.1016/J.POCEAN.2021.102617
https://doi.org/10.1002/ETC.2663
https://doi.org/10.1002/ETC.2663
https://doi.org/10.1016/J.SCITOTENV.2021.151814
https://doi.org/10.1890/0012-9658(2002)083[0703:usitet]2.0.co;2
https://doi.org/10.1146/ANNUREV.ES.18.110187.001453
https://doi.org/10.1146/ANNUREV.ES.18.110187.001453
https://doi.org/10.1002/ece3.11620
https://doi.org/10.1016/J.RSMA.2021.101797
https://doi.org/10.1016/J.SCITOTENV.2024.172094
https://doi.org/10.1899/0887-3593(2007)26[273:Ettpoa]2.0.Co;2
https://doi.org/10.1016/J.JHAZMAT.2020.123618
https://doi.org/10.1021/ES405018B
https://doi.org/10.1016/J.ENVINT.2023.108023
https://doi.org/10.1016/J.ENVINT.2023.108023
https://doi.org/10.1016/J.SCITOTENV.2020.142146
https://doi.org/10.1016/J.ENVPOL.2019.113383
https://doi.org/10.1021/ES060233B
https://doi.org/10.1016/J.SCITOTENV.2019.05.461
https://doi.org/10.1007/S11356-015-4202-7
https://doi.org/10.1007/S11356-015-4202-7
https://doi.org/10.1016/J.ENVPOL.2018.05.001
https://doi.org/10.1093/TOXSCI/KFAE028
https://doi.org/10.1093/TOXSCI/KFAE028
https://doi.org/10.1016/J.AQUATOX.2025.107500
https://doi.org/10.1021/ES9003894
https://doi.org/10.1021/ES9003894
https://doi.org/10.1021/ES9003894
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004

New

Contaminants

https://doi.org/10.48130/newcontam-0026-0004

[74]

[78]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

ecosystem from the Tibetan Plateau river. Journal of Hazardous Mate-
rials 497:139645

Penland TN, Cope WG, Kwak TJ, Strynar MJ, Grieshaber CA, et al.
2020. Trophodynamics of per- and polyfluoroalkyl substances in the
food web of a large Atlantic slope river. Environmental Science &
Technology 54:6800-6811

Wang Q, Ruan Y, Jin L, Tao LSR, Lai H, et al. 2023. Legacy and emerg-
ing per- and polyfluoroalkyl substances in a subtropical marine food
web: suspect screening, isomer profile, and identification of analyti-
cal interference. Environmental Science & Technology 57:8355-8364
Houde M, Czub G, Small JM, Backus S, Wang X, et al. 2008. Fractiona-
tion and bioaccumulation of perfluorooctane sulfonate (PFOS)
isomers in a lake ontario food web. Environmental Science & Technol-
ogy 42:9397-9403

Simonnet-Laprade C, Budzinski H, Maciejewski K, Le Menach K,
Santos R, et al. 2019. Biomagnification of perfluoroalkyl acids (PFAAs)
in the food web of an urban river: assessment of the trophic transfer
of targeted and unknown precursors and implications. Environmen-
tal Science: Processes & Impacts 21:1864—1874

Munoz G, Budzinski H, Babut M, Drouineau H, Lauzent M, et al. 2017.
Evidence for the trophic transfer of perfluoroalkylated substances in
a temperate macrotidal estuary. Environmental Science & Technology
51:8450-8459

Maso L, Trande M, Liberi S, Moro G, Daems E, et al. 2021. Unveiling
the binding mode of perfluorooctanoic acid to human serum albu-
min. Protein Science 30:830—841

Ren J, Point AD, Baygi SF, Fernando S, Hopke PK, et al. 2023. Bioaccu-
mulation of perfluoroalkyl substances in the Lake Erie food web. Envi-
ronmental Pollution 317:120677

Zhu W, Liu W, Jin H. 2024. Sediment-seawater partitioning, bioaccu-
mulation, and biomagnification of perfluorobutane sulfonamide in
marine environment. Water Research 255:121466

Wang Z, Cousins IT, Scheringer M, Buck RC, Hungerbuhler K. 2014.
Global emission inventories for C4-C14 perfluoroalkyl carboxylic acid
(PFCA) homologues from 1951 to 2030, Part I: production and emis-
sions from quantifiable sources. Environment International 70:62—75
Ren J, Point A, Fakouri Baygi S, Fernando S, Hopke PK, et al. 2022.
Bioaccumulation of perfluoroalkyl substances in a Lake Ontario food
web. Journal of Great Lakes Research 48:315-325

Tomy GT, Pleskach K, Ferguson SH, Hare J, Stern G, et al. 2009.
Trophodynamics of some PFCs and BFRs in a Western Canadian
Arctic Marine Food Web. Environmental Science & Technology
43:4076—-4081

Ren J, Point AD, Baygi SF, Fernando S, Hopke PK, et al. 2022. Bioaccu-
mulation of polyfluoroalkyl substances in the Lake Huron aquatic
food web. Science of The Total Environment 819:152974

Liu Y, Ruan T, Lin Y, Liu A, Yu M, et al. 2017. Chlorinated polyfluo-
roalkyl ether sulfonic acids in marine organisms from Bohai Sea,
China: occurrence, temporal variations, and trophic transfer behavior.
Environmental Science & Technology 51:4407-4414

Chen H, Han J, Cheng J, Sun R, Wang X, et al. 2018. Distribution,
bioaccumulation and trophic transfer of chlorinated polyfluoroalkyl
ether sulfonic acids in the marine food web of Bohai, China. Environ-
mental Pollution 241:504-510

Sheng N, Wang J, Guo Y, Wang J, Dai J. 2020. Interactions of perfluo-
rooctanesulfonate and 6:2 chlorinated polyfluorinated ether
sulfonate with human serum albumin: a comparative study. Chemi-
cal Research in Toxicology 33:1478—1486

Wen W, Xiao L, Hu D, Zhang Z, Xiao Y, et al. 2023. Fractionation of
perfluoroalkyl acids (PFAAs) along the aquatic food chain promoted
by competitive effects between longer and shorter chain PFAAs.
Chemosphere 318:137931

Shi Y, Vestergren R, Xu L, Zhou Z, Li C, et al. 2016. Human exposure
and elimination kinetics of chlorinated polyfluoroalkyl ether sulfonic
acids (CI-PFESAs). Environmental Science & Technology 50:2396—2404
Li'Y, Yao J, Zhang J, Pan Y, Dai J, et al. 2022. First report on the bioac-
cumulation and trophic transfer of perfluoroalkyl ether carboxylic

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

acids in estuarine food web. Environmental Science & Technology
56:6046-6055

Li'Y, Yao J, Pan Y, Dai J, Tang J. 2023. Trophic behaviors of PFOA and
its alternatives perfluoroalkyl ether carboxylic acids (PFECAs) in a
coastal food web. Journal of Hazardous Materials 452:131353

Liu M, Wang B, Yi S, Dou X, Zhang Y, et al. 2024. Novel insights into
the mechanisms of bioaccumulation and tissue-specific distribution
of hexafluoropropylene oxide homologues, novel PFOA alternatives,
in zebrafish (Danio rerio). Environment International 192:109053
Cheng W, Ng CA. 2018. Predicting relative protein affinity of novel
per- and polyfluoroalkyl substances (PFASs) by an efficient molecular
dynamics approach. Environmental  Science &  Technology
52:7972-7980

Munoz G, Mercier L, Duy SV, Liu J, Sauvé S, et al. 2022. Bioaccumula-
tion and trophic magnification of emerging and legacy per- and
polyfluoroalkyl substances (PFAS) in a St. Lawrence River food web.
Environmental Pollution 309:119739

Wang Y, Vestergren R, Shi Y, Cao D, Xu L, et al. 2016. Identification,
tissue distribution, and bioaccumulation potential of cyclic perfluori-
nated sulfonic acids isomers in an airport impacted ecosystem. Envi-
ronmental Science & Technology 50:10923-10932

Saha B, Ateia M, Fernando S, Rodriguez-Martinez RE, Iskander SM.
2025. PFAS in pelagic Sargassum: a growing concern for the Mexican
Caribbean coastline. Journal of Hazardous Materials 495:139139
Martin JW, Whittle DM, Muir DCG, Mabury SA. 2004. Perfluoroalkyl
contaminants in a food web from Lake Ontario. Environmental
Science & Technology 38:5379—-5385

Zhou Z, Liang Y, Shi Y, Xu L, Cai Y. 2013. Occurrence and transport of
perfluoroalkyl acids (PFAAs), including short-chain PFAAs in Tangxun
Lake, China. Environmental Science & Technology 47:9249-9257

Hong S, Khim JS, Wang T, Naile JE, Park J, et al. 2015. Bioaccumula-
tion characteristics of perfluoroalkyl acids (PFAAs) in coastal organ-
isms from the west coast of South Korea. Chemosphere 129:157-163
Lu Y, Meng L, Ma D, Cao H, Liang Y, et al. 2021. The occurrence of
PFAS in human placenta and their binding abilities to human serum
albumin and organic anion transporter 4. Environmental Pollution
273:116460

Fu Q, Meyer C, Patrick M, Kosfeld V, Rudel H, et al. 2022. Comprehen-
sive screening of polar emerging organic contaminants including
PFASs and evaluation of the trophic transfer behavior in a freshwater
food web. Water Research 218:118514

Gui D, Zhang M, Zhang T, Zhang B, Lin W, et al. 2019. Bioaccumula-
tion behavior and spatiotemporal trends of per- and polyfluoroalkyl
substances in Indo-Pacific humpback dolphins from the Pearl River
Estuary, China. Science of The Total Environment 658:1029—1038

Peng H, Zhang S, Sun J, Zhang Z, Giesy JP, et al. 2014. Isomer-specific
accumulation of perfluorooctanesulfonate from (N-ethyl perfluorooc-
tanesulfonamido)ethanol-based phosphate diester in Japanese
Medaka (Oryzias latipes). Environmental Science & Technology
48:1058-1066

Zeng HS, He C, Yang YY, Zeng XL, Xie JL, et al. 2024. Investigation on
the bioaccumulation and tissue distribution of per- and polyfluo-
roalkyl substances in zebrafish by UPLC-MS/MS. Journal of Instrumen-
tal Analysis 43:1189-1196

Chen M, Wang Q, Shan G, Zhu L, Yang L, et al. 2018. Occurrence,
partitioning and bioaccumulation of emerging and legacy per- and
polyfluoroalkyl substances in Taihu Lake, China. Science of The Total
Environment 634:251-259

Brandsma SH, Smithwick M, Solomon K, Small J, de Boer J, et al. 2011.
Dietary exposure of rainbow trout to 8:2 and 10:2 fluorotelomer alco-
hols and perfluorooctanesulfonamide: uptake, transformation and
elimination. Chemosphere 82:253-258

Yeung LWY, Mabury SA. 2013. Bioconcentration of aqueous film-
forming foam (AFFF) in juvenile rainbow trout (Oncorhyncus mykiss).
Environmental Science & Technology 47:12505-12513

Wen W, Xia X, Hu D, Zhou D, Wang H, et al. 2017. Long-chain perfluo-
roalkyl acids (PFAAs) affect the bioconcentration and tissue

page 16 of 17

Yangetal. | Volume2 | 2026 | €009


https://doi.org/10.1016/J.JHAZMAT.2025.139645
https://doi.org/10.1016/J.JHAZMAT.2025.139645
https://doi.org/10.1016/J.JHAZMAT.2025.139645
https://doi.org/10.1021/ACS.EST.9B05007
https://doi.org/10.1021/ACS.EST.9B05007
https://doi.org/10.1021/ACS.EST.3C00374
https://doi.org/10.1021/ES800906R
https://doi.org/10.1021/ES800906R
https://doi.org/10.1021/ES800906R
https://doi.org/10.1039/C9EM00322C
https://doi.org/10.1039/C9EM00322C
https://doi.org/10.1021/ACS.EST.7B02399
https://doi.org/10.1002/PRO.4036
https://doi.org/10.1016/J.ENVPOL.2022.120677
https://doi.org/10.1016/J.ENVPOL.2022.120677
https://doi.org/10.1016/J.WATRES.2024.121466
https://doi.org/10.1016/J.ENVINT.2014.04.013
https://doi.org/10.1016/J.JGLR.2021.08.013
https://doi.org/10.1021/ES900162N
https://doi.org/10.1016/J.SCITOTENV.2022.152974
https://doi.org/10.1021/ACS.EST.6B06593
https://doi.org/10.1016/J.ENVPOL.2018.05.087
https://doi.org/10.1016/J.ENVPOL.2018.05.087
https://doi.org/10.1021/acs.chemrestox.0c00075
https://doi.org/10.1021/acs.chemrestox.0c00075
https://doi.org/10.1016/J.CHEMOSPHERE.2023.137931
https://doi.org/10.1021/acs.est.5b05849
https://doi.org/10.1021/acs.est.1c00965
https://doi.org/10.1016/J.JHAZMAT.2023.131353
https://doi.org/10.1016/j.envint.2024.109053
https://doi.org/10.1021/acs.est.8b01268
https://doi.org/10.1016/J.ENVPOL.2022.119739
https://doi.org/10.1021/acs.est.6b01980
https://doi.org/10.1021/acs.est.6b01980
https://doi.org/10.1016/j.jhazmat.2025.139139
https://doi.org/10.1021/ES049331S
https://doi.org/10.1021/ES049331S
https://doi.org/10.1021/ES402120Y
https://doi.org/10.1016/J.CHEMOSPHERE.2014.06.023
https://doi.org/10.1016/J.ENVPOL.2021.116460
https://doi.org/10.1016/J.WATRES.2022.118514
https://doi.org/10.1016/J.SCITOTENV.2018.12.278
https://doi.org/10.1021/ES404867W
https://doi.org/10.12452/J.FXCSXB.24052669
https://doi.org/10.12452/J.FXCSXB.24052669
https://doi.org/10.12452/J.FXCSXB.24052669
https://doi.org/10.1016/J.SCITOTENV.2018.03.301
https://doi.org/10.1016/J.SCITOTENV.2018.03.301
https://doi.org/10.1016/J.CHEMOSPHERE.2010.09.050
https://doi.org/10.1021/ES403170F
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004

https://doi.org/10.48130/newcontam-0026-0004

New
Contaminants

[110]

[111]

[112]

[113]

[114]

[115]

[116]

distribution of short-chain PFAAs in zebrafish (Danio rerio). Environ-
mental Science & Technology 51:12358—12368

Xie X, Lu Y, Wang P, Lei H, Liang Z. 2023. Per- and polyfluoroalkyl
substances in marine organisms along the coast of China. Science of
The Total Environment 876:162492

Wang H, Hu D, Wen W, Lin X, Xia X. 2023. Warming affects bioconcen-
tration and bioaccumulation of per- and polyfluoroalkyl substances
by pelagic and benthic organisms in a water-sediment system. Envi-
ronmental Science & Technology 57:3612-3622

Vidal A, Lafay F, Daniele G, Vulliet E, Rochard E, et al. 2019. Does water
temperature influence the distribution and elimination of perfluori-
nated substances in rainbow trout (Oncorhynchus mykiss)? Environ-
mental Science and Pollution Research 26:16355—16365

Benskin JP, Muir DCG, Scott BF, Spencer C, De Silva AO, et al. 2012.
Perfluoroalkyl acids in the atlantic and Canadian arctic oceans. Envi-
ronmental Science & Technology 46:5815—5823

Jeon J, Kannan K, Lim HK, Moon HB, Ra JS, et al. 2010. Bioaccumula-
tion of perfluorochemicals in pacific oyster under different salinity
gradients. Environmental Science & Technology 44:2695-2701

Xia X, Dai Z, Rabearisoa AH, Zhao P, Jiang X. 2015. Comparing humic
substance and protein compound effects on the bioaccumulation of
perfluoroalkyl substances by Daphnia magna in water. Chemosphere
119:978-986

Galvez F, Donini A, Playle RC, Smith DS, O'Donnell MJ, et al. 2008. A
matter of potential concern: natural organic matter alters the

electrical properties of fish gills. Environmental Science & Technology
42:9385-9390

[117] Al-Reasi HA, Wood CM, Smith DS. 2013. Characterization of
freshwater natural dissolved organic matter (DOM): mechanistic
explanations for protective effects against metal toxicity and direct
effects on organisms. Environment International 59:201-207

[118] Xia C, Lim X, Yang H, Goodson BM, Liu J. 2022. Degradation of per-
and polyfluoroalkyl substances (PFAS) in wastewater effluents by
photocatalysis for water reuse. Journal of Water Process Engineering
46:102556

[119] Kukrer S, Mutlu E. 2019. Assessment of surface water quality using
water quality index and multivariate statistical analyses in Sarayd(izi
Dam Lake, Turkey. Environmental Monitoring and Assessment 191:71

[120] Robuck AR, Cantwell MG, McCord JP, Addison LM, Pfohl M, et al.
2020. Legacy and novel per- and polyfluoroalkyl substances in juve-
nile seabirds from the U. S. Atlantic coast. Environmental Science &
Technology 54:12938—12948

Copyright: © 2026 by the author(s). Published by
BY Maximum Academic Press, Fayetteville, GA. This article
is an open access article distributed under Creative Commons

Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0.

Yangetal. | Volume2 | 2026 | €009

page 17 of 17


https://doi.org/10.1021/ACS.EST.7B03647
https://doi.org/10.1021/ACS.EST.7B03647
https://doi.org/10.1016/J.SCITOTENV.2023.162492
https://doi.org/10.1016/J.SCITOTENV.2023.162492
https://doi.org/10.1021/ACS.EST.2C07631
https://doi.org/10.1021/ACS.EST.2C07631
https://doi.org/10.1007/S11356-019-05029-W
https://doi.org/10.1007/S11356-019-05029-W
https://doi.org/10.1021/ES300578X
https://doi.org/10.1021/ES300578X
https://doi.org/10.1021/ES100151R
https://doi.org/10.1016/J.CHEMOSPHERE.2014.09.034
https://doi.org/10.1021/ES8005332
https://doi.org/10.1016/J.ENVINT.2013.06.005
https://doi.org/10.1016/J.JWPE.2021.102556
https://doi.org/10.1007/S10661-019-7197-6
https://doi.org/10.1021/ACS.EST.0C01951
https://doi.org/10.1021/ACS.EST.0C01951
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004
https://doi.org/10.48130/newcontam-0026-0004

	Introduction
	Driving mechanisms of trophic magnification
	Determination and application of TMFs
	Trophic transfer and biomagnification of PFAS in aquatic food webs
	PFOS and PFOA
	Long-chain perfluoroalkyl carboxylic acids
	Emerging PFAS
	Precursors

	Factors affecting trophic transfer and biomagnification
	Chemical factors
	Substance properties
	Precursor transformation
	PFAS mixture interactions

	Biological factors
	Food web structure
	Bioabsorption and metabolic capacity

	Environmental factors
	Methodology

	Conclusions and perspectives
	Supplementary information
	Author contributions
	Data availability
	Funding
	Declarations
	Competing interests

	References

